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Abstract 

Tumor recurrence following initial treatment is the leading cause of death among 

breast cancer patients. Epigenetic mechanisms are critical for regulation of gene 

expression and to facilitate appropriate responses to environmental cues. However, it is 

increasingly appreciated that epigenetic dysregulation directly promotes therapeutic 

resistance and tumor progression. While genetic alterations have been shown to promote 

tumor progression, the contribution of non-genetic drivers of recurrence remains 

unexplored. In the current work, we utilized genetically engineered mouse models of 

breast cancer recurrence to evaluate the contribution of epigenetic plasticity to tumor 

recurrence and chemoresistance. First, we found that recurrent tumors undergo dramatic 

epigenetic and transcriptional reprogramming, partially through acquisition of an 

epithelial-to-mesenchymal transition (EMT). EMT promoted epigenetic silencing of 

tumor suppressor Par-4 through a unique, bivalent histone configuration. This bivalent 

configuration conferred plasticity to Par-4, and Par-4 silencing was reversed with small 

molecule inhibitors of EHZ2 and HDAC. Further, Par-4 re-expression sensitized 

recurrent tumors to commonly utilized microtubule-targeting chemotherapeutics through 

altered cytoskeletal regulation. Second, we found that recurrent tumor epigenetic and 

transcriptional rewiring conferred sensitivity to G9a inhibitors. G9a inhibition promoted 

recurrent tumor cell necroptosis through demethylation of genes involved in a pro-

inflammatory cytokine program. Further, knockout of G9a protein delayed the time until 

mammary tumors recurred in vivo. Collectively, our studies demonstrate that epigenetic 
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dysregulation is a key feature of breast cancer progression, and pharmacologic strategies 

designed to target epigenetic enzymes underlying these processes may be of clinical 

value in the treatment of recurrent breast cancer. 
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1. Introduction  

1.1 Breast cancer overview  

Breast cancer is the second leading cause of cancer-related deaths in the United 

States, with an expected 40,920 deaths in 2018 (1). Although breast cancers are similar 

by the location of disease, tumors vary significantly by cellular composition and 

molecular pathology. Genomic profiling of thousands of primary breast tumors through 

whole genome and RNA sequencing has enabled the cataloging of the complex genomic 

and gene regulatory landscape of breast cancer (2-6). While there are ongoing efforts to 

delineate breast tumors by their genetic and transcriptional characteristics, breast cancer 

is clinically divided into three subcategories based on the expression of key, 

pharmacologically actionable oncogenic drivers. These include: 1) Estrogen and/or 

progesterone hormone-expressing cancers (ER+/PR+), 2) human epidermal growth factor 

receptor 2-amplified (ERBB2+/HER2+) cancers, and triple negative breast cancers 

(TNBC) which lack expression of the three aforementioned drivers. Notably, although 

these proteins define clinical cancer subtypes, functional heterogeneity exists among each 

individual subtype.  For example, ER+ breast cancers frequently exhibit mutations in 

PIK3CA and GATA3, and a large number of TNBC tumors are associated with mutated 

tumor suppressor TP53 (7). 

Among the three breast cancer subtypes, estrogen-receptor positive cancers are 

the most commonly diagnosed, comprising ~70% of new diagnoses (1). The estrogen 

receptor is a nuclear receptor that initiates transcription of growth promoting genes in a 

ligand-dependent manner. Consequently, anti-estrogen therapies, such as selective 
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estrogen receptor modulators (e.g. tamoxifen) or aromatase inhibitors (e.g. anastrozole, 

lestrozole), remain the cornerstones of ER+ breast treatment. Behind ER+ cancers, the 

second most common breast cancer subtype is tumors defined by HER2 amplification. 

HER2 is a transmembrane tyrosine kinase receptor that belongs to the epidermal growth 

factor (EGF) receptor family. Amplification of the HER2 oncogene permits ligand-

independent homo- or heterodimerization, promoting downstream mitogenic signaling 

through MEK/ERK and PI3K/Akt signaling. The remainder of breast cancers is classified 

as TNBC. TNBC is considered a single clinical diagnosis, but represents a heterogeneous 

family of tumor types. Among these, basal-like represents the largest fraction of TNBC 

(~55%), but other rare classifications exist such as mesenchymal-like or luminal 

androgen subgroups. Due to a lack of targetable oncogenic drivers, TNBC is associated 

with the poorest survival of all the breast cancer subtypes (8). 

Following a breast cancer diagnosis, women are stratified into treatment 

algorithms based on clinical classification and tumor characteristics. For patients with 

stage II breast cancer and above, neoadjuvant chemotherapy preceding surgery is the 

standard of care (9). Depending on the extent of disease, women will also receive 

adjuvant radiation, chemotherapy, and targeted therapies. Comprehensive treatment is 

necessary to decrease the risk of tumor recurrence, which is the leading cause of death in 

breast cancer patients. Frequently, recurrent tumors are treated similarly to the primary 

tumor. Incidentally, a number of studies have shown that therapeutic interventions such 

as cytotoxic and targeted therapies induce extensive genomic instability, altering the 

evolution of tumor architecture (10-12). Ultimately, this means that recurrent tumors 
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exhibit markedly altered molecular profiles as compared to primary tumors, despite 

sharing driver mutations. Thus, strategies designed to treat the primary tumor may not be 

effective in treating the recurrent tumor. Identifying stepwise alterations that govern 

breast cancer recurrence could allow for targeted approaches for treating  

recurrent breast cancer. 

1.2 Targeted therapies in HER2+ breast cancer  

Historically, HER2+ breast cancer is characterized by high growth rates, early 

cancer cell dissemination, higher incidence of recurrence, and decreased overall survival 

(13-15). In the early 2000’s, landmark studies began to evaluate anti-HER2, humanized 

monoclonal antibody trastuzumab (Herceptin) in HER2+ breast cancers. Trastuzumab 

was initially approved by the FDA for treatment of advanced metastatic breast cancer 

(16,17). Since then, multiple studies have demonstrated a clear clinical benefit for 

adjuvant or neoadjuvant trastuzumab in early HER2+ breast cancer. For example, a 

recent trial showed trastuzumab with a cytotoxic chemotherapy regimen of Adriamycin, 

Cytoxan and Taxol (ACT) or Taxol and Cytoxan (TC) resulted in significantly improved 

10-year survival of early stage HER2+ breast cancer [74.6% (ACT) and 73.0% (TC)] as 

compared to chemotherapy alone (67.9%) (15). The approval of trastuzumab, along with 

the then recently approved drug imatinib (Gleevec) in CML, was the first proof-of-

concept success that showed high precision, tumor-specific killing with targeted 

therapies. Since trastuzumab’s approval, the FDA has also approved anti-HER2 

monoclonal antibody pertuzumab, as well as two small molecules that inhibit catalytic 
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activity of HER2, lapatinib and neratinib. These therapies remain the cornerstone to 

treating HER2+ cancers. 

In addition to breast cancer, HER2 amplification occurs in other cancers. 

Trastuzumab has FDA approval in esophageal/gastric cancers, where as many as 30% of 

adenocarcinomas demonstrate HER2 overexpression (18,19). HER2 overexpression has 

also been observed in lung (20), ovarian (21), and bladder cancers (22). While HER2+ 

breast cancers remain the predominant cancer subtype, mechanisms underlying HER2-

driven oncogenesis may also be relevant to other cancer subtypes. 

1.3 Breast cancer recurrence 

Despite the success of anti-HER2 therapies, it is appreciated that all patients with 

advanced metastatic breast cancer, and 20-30% of patients with early disease will relapse 

on these therapies (23). Recurrent breast cancer is almost universally fatal, particularly 

due to aggressive onset and generalized chemoresistance. Five-year survival with 

recurrent breast cancer is ~25%, and the median survival is 24-36 months (24). Recurrent 

breast tumors can arise either distant from the tissue of origin (e.g. in bone, brain, and 

liver) or at locoregional sites (e.g. in the breast, chest wall or lymph nodes). Intriguingly, 

breast tumor relapses can occur years, if not decades, after initial therapy (8).  It is likely 

that recurrent tumors are seeded by residual tumor cells that survive initial treatments 

(25). This process is not related to lymph node status, suggesting that early-disseminated 

tumor cells may contribute to clinically undetectable residual tumor cells (26).  

The elimination of residual tumor cells is required to prevent tumor recurrence. 

However, the difficulty of isolating rare residual tumor cells in patients hampers our 
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ability to study the biological mechanisms underlying their survival. Importantly, residual 

tumor cells must withstand cytotoxic and targeted treatments (27). Therefore, 

understanding biological processes that promote residual tumor cell survival following 

treatment is the largest hurdle to curing breast cancer.  

1.4 Mechanisms of therapeutic resistance 

The emergence of therapeutic resistance against cytotoxic and targeted therapies 

remains one of the greatest challenges facing modern cancer treatments. While 

mechanisms of resistance can vary greatly among therapies, especially between general 

cytotoxic chemotherapies (e.g. DNA alkylating agents, microtubule inhibitors, 

antimetabolites) and targeted therapies, the end result is tumor cells that are non-

responsive to most, if not all, available treatments (28). Mechanisms of resistance can 

occur through the expansion of rare pre-existing tumor cells or the adaptive acquisition of 

changes in response to therapy. These alterations that confer therapeutic resistance can be 

stable, permanent mutations (i.e. genetic), or reversible alterations in cell state and 

identity (i.e. epigenetics/transcriptional) (28). 

 

1.4.1 Genetic basis for therapeutic resistance 

Tumor relapse is generally considered to result from stochastic, evolutionary 

selection of genetic mutations. As such, studies have primarily focused on genetic 

alterations that confer stable resistance, including: 1) mutations to the drug target itself; 

2) activation of bypass mechanisms; and 3) alterations in parallel pro-survival or pro-

death pathways that modulate response to therapy (29,30). 
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Mutations in the drug target promote reactivation of protein activity in the 

presence of drug, either through indirect activation or mutations that prevent drug 

binding. In breast cancer, mutations to the ligand-binding domain of estrogen receptor 

(ESR1) are rarely found in primary breast tumors (5). However, up to 50% of metastatic 

ER+ breast cancers gain ESR1 mutations that confer stable, constitutive activity of ESR1, 

independent of the estrogen ligand (31,32). In HER2+ breast cancers, truncation of the 

extracellular domain of HER2 (p95) prevents antigen recognition by trastuzumab, but is 

able to retain its kinase activity. Further, gatekeeper mutations in the kinase domain of 

HER2 lead to acquired resistance to kinase inhibitors lapatinib (K753E) and neratinib 

(T798I) (33,34). 

Cancer cells may also become resistant to therapies by activating oncogenic 

signals downstream of the pharmacologically targeted enzyme. Intuitively, breast cancer 

cells resistant to HER2 inhibition have higher incidence of gain-of-function PIK3CA 

mutations and PTEN deletions that can serve to reestablish signaling downstream of 

HER2 (35,36). Similarly, KRAS activation is seen in MEK/ERK dependent lung tumors 

(37). Therefore, downstream mutations offer an attractive option for cancer cells to lose 

dependence on upstream tyrosine kinases. 

Finally, cancer cells can also adopt bypassing mechanisms following oncogene 

inhibition, often through growth factors or receptor tyrosine kinases. In non small-cell 

lung cancer, MET amplification or overexpression of its ligand hepatocyte growth factor 

(HGF) are primary drivers of resistance through signal convergence on the PI3K-Akt axis 

(38). EGFR-mediated MEK/ERK signaling is also seen as a mechanism of resistance to 



 

 7 

BRAF inhibition in colorectal cancers (39). In HER2+ breast cancer, AXL and MET 

have been shown to mediate acquired resistance to HER2 therapies (40,41). Taken 

together, these studies suggest that selective evolution following targeted therapy induces 

robust genetic irregularities that promote resistance to commonly used targeted therapies.  

1.4.2 HER2 loss/discordance in tumor recurrence 

In addition to mutations that confer stable, genetic resistance, 10-40% of HER2+ 

breast tumor recurrences will lose expression of HER2 (42). These recurrent tumors-

known as HER2 discordant tumors- no longer express HER2, suggesting that they 

develop alternate oncogenic dependencies. HER2 discordant tumors have shown mixed 

effects on the time until tumor recurrence occurs, but are associated with decreased 

overall survival (43-45). This is partially due to a lack of responsiveness to anti-HER2 

directed therapies. However, not much is known about the specific route through which 

HER2 discordant tumors arise (i.e. rare tumor stem cell, or adaptive loss of HER2 

amplification), or what mechanisms these tumors depend on to promote proliferation (i.e. 

genetic or epigenetic). Therefore, it is of clinical importance to evaluate the biology of 

HER2 discordant tumors, such that new therapeutic strategies can be developed.  

1.4.3 Epigenetic basis for therapeutic resistance 

The molecular processes that encode non-genetic heritability and regulate 

transcriptional programs, known collectively as epigenetics, have been studied through 

the development of modern technologies such as ChIP-, ATAC- and Bisulfite-sequencing 

(46-49). These tools have enabled researchers to define epigenetic processes and how 

they are functionally important in reinforcing developmental and adult cell states. Many 
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epigenetic pathways are controlled through the coordinated effort of proteins and RNAs, 

including: sequence-specific DNA binding transcription factors, long non-coding RNAs, 

ATP-dependent nucleosome remodelers, and enzymes that write, erase, or read post-

translational modifications on DNA and histones (50). 

Epigenetic regulatory mechanisms lie at the intersection between the cell’s 

genome and its external microenvironment. These epigenetic mechanisms facilitate 

responses to cell-extrinsic cues. Environmental stimuli can also disrupt and alter these 

cellular mechanisms and promote shifts in chromatin architecture and cell state, thus 

promoting tumorigenesis. Tumor cells that demonstrate a high degree of epigenetic 

plasticity may have a fitness advantage in certain contexts, where cytotoxic therapies, 

immune surveillance, and metabolic stress provide highly selective tumor 

microenvironments. This makes epigenetic pathways particularly attractive targets for 

modulating how cancer cells survive chemotherapeutic and immune therapies.  

Further, it is increasingly appreciated that epigenetic dysregulation contributes 

directly to tumor relapse and therapeutic resistance (50,51). In cell culture models, 

dependency on epigenetic reprogramming has been shown to induce rapid and reversible 

resistance to targeted therapies and cytotoxic therapies (51,52). In human cancer models, 

epigenetic modulation through EZH2 mediates adaptive resistance to chemotherapy in 

non-small cell lung cancer patient-derived xenografts (53). Patient data also supports the 

role of epigenetic dysregulation in breast cancer recurrence. Global histone lysine 

hypoacetylation and hypomethylation are associated with poor prognosis in breast cancer 

(54,55), and transcriptional reprogramming is a hallmark of chemoresistant recurrent 
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breast tumors (11,56). Together, these studies implicate epigenetic mechanisms in 

promoting drug resistance and breast tumor relapse.  

 

1.5 Epigenetic plasticity in therapeutic resistance  

Specific epigenetic alterations that underlie breast cancer recurrence and 

therapeutic resistance have not been well defined, and could identify clinically relevant 

targets in preventing or treating recurrent disease. Numerous inhibitors of epigenetic 

enzymes exist or are under development. Although efforts are ongoing to 

comprehensively identify epigenetic mechanisms that govern therapeutic resistance in all 

cancers, currently these mechanisms can be generalized into three groups: 1) phenotype 

switching, 2) tumor suppressor silencing, and 3) altered tumor microenvironment. 

1.5.1 Phenotype switching 

Our understanding of how epigenetic heterogeneity contributes to resistance is 

limited. However, one of the major ways that tumor cells adopt aggressive phenotypes is 

through altering their molecular identities. In lung cancer, some EGFR mutant non-small-

cell lung cancers switch to a small-cell lung cancer phenotype following resistance to 

EGFR inhibitors (57). Further, androgen-resistant prostate adenocarcinomas are 

associated with neuroendocrine differentiation (58). Finally, one of the most well studied 

phenomena underlying therapeutic resistance is epithelial-to-mesenchymal transition 

(EMT). 80-90% of all tumors are epithelial in origin, suggesting that most cancers have 

the propensity to adopt features of EMT (1). 
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The process of EMT is defined by widespread epigenetic reprogramming that is 

driven by master transcription factors in the basic helix-loop-helix (Twist1,Twist2), Snail 

(Snail, Slug, Smuc) and Zeb (Zeb1, Zeb2) families. EMT is accompanied by cell 

adhesion remodeling in epithelial cells, causing loss of adherens junctions and gain of 

motility (59). This is partially mediated through the downregulation of the keystone 

protein E-cadherin (60). Functionally, EMT is essential for mesoderm formation during 

development and for adult processes during wound healing and fibrosis. Importantly, 

EMT is reversible through the process of mesenchymal-to-epithelial transition. Thus cells 

can switch between cell identity states, depending on environmental and cellular 

contexts. 

Multiple lines of evidence suggest that the epithelial-to-mesenchymal transition 

(EMT) promotes recurrence and chemoresistance in breast cancer (61). In cell culture 

models, the induction of EMT promotes cell survival in response to cytotoxic 

chemotherapies (62-64). In a mouse model for breast cancer, overexpression of the EMT 

transcription factor Snail accelerates recurrence following HER2 inhibition (65), and 

EMT has been shown to promote chemoresistance in mouse models of breast cancer (66) 

and pancreatic cancer (67). Furthermore, patient data supports a role for EMT in 

promoting chemoresistance. Residual, treatment-resistant breast cancer cells acquire 

EMT characteristics following chemotherapy (68), and expression of EMT markers on 

circulating or disseminated tumor cells (CTCs or DTCs) is associated with a poor 

prognosis (61,69). Taken together, these findings suggest that EMT promotes 

chemoresistance in recurrent breast cancer. A firm understanding of epigenetic pathways 
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underlying EMT and chemoresistance is important to developing strategies to overcome 

therapeutic resistance.  

1.5.2 Tumor suppressor silencing  

Among the earliest discoveries of epigenetic dysregulation in cancer was the 

finding that cancers often demonstrate global DNA hypomethylation, particularly at 

highly repeated DNA sequences (70,71). DNA hypomethylation in tandem repeat is 

linked with chromosomal instability and tumor progression (72). However, pockets of 

focal hypermethylation at CpG dinucleotides of gene promoters are also present in 

cancer. Promoter CpG methylation is mediated through DNA methyltransferases 

(DNMTs) and is associated with permanent gene silencing (73). Promoter CpG 

methylation mediates the repression of key tumor suppressor genes, such as p53 (74), 

Rb1 (75), Cdh1 (60), Cdkn2a (76), among many others. Importantly, DNA 

hypermethylation at these genes is associated with therapeutic resistance and tumor 

progression in breast cancer (77).  

In addition to DNA methylation, chromatin accessibility is regulated through 

post-translational modifications on histone tails of nucleosome cores. Specifically, 

DNMT can interact with other transcriptional repressors, such as histone 

methyltransferases G9a and EZH2, to induce transcriptional silencing (78). These histone 

methyltransferases promote chromatin condensation and heterochromatin formation 

through methylation of H3K9 (G9a) and H3K27 (EZH2). Transcriptional silencing of 

tumor suppressors can provide a potential epigenetic mechanism of tumor progression. 

For example, G9a interacts with EMT transcription factor Snail to repress E-cadherin 
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expression and promote metastasis (79,80). Further, overexpression of EZH2 is 

associated with silencing of a large number of tumor suppressor proteins, such as RKIP, 

PSP94, and RUNX3 in aggressive cancers (81). Together, these associations suggest that 

dysregulation of gene transcription broadly, particularly at tumor suppressors, may be a 

one mechanism by which tumors promote tumor progression.  

1.5.3 Alterations in tumor microenvironment 

Tumors are comprised of a mixed population of tumor cells and non-transformed 

cells. The non-transformed cells, although not malignant, can interact with tumor cells 

and promote tumorigenesis through secreted signaling factors (82). Cell types involved in 

pro-tumorigenic phenotypes include cancer-associated fibroblasts, immune cells (i.e. T 

cells, macrophages, neutrophils) and mesenchymal stem cells (83). The consolidation of 

signals from non-transformed cells is critical to maintain tumor cell survival (84,85). 

Therefore, approaches to target the relationship between cancer cells and their 

microenvironment may have therapeutic relevance. 

 Recent interest in the interaction of the immune system with tumor cells has 

unveiled novel interactions of the epigenome with the tumor microenvironment. In tumor 

cells, DNMT and G9a inhibitors have been shown to derepress endogenous long terminal 

repeats of endogenous retroviruses (86). The transcription of double-stranded RNAs 

elicits an anti-viral immune response, thereby triggering tumor cell death (87). Further, 

DNA demethylation can lead to increased expression of tumor-cell specific neoantigens. 

Interestingly, recent studies show that epigenetic dysregulation is not confined solely to 

tumor cells, but also can affect non-transformed cells. A lack of response to 
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immunotherapies (i.e. cold tumors) is associated with a higher number of defective T-

cells, due in part to methylation of DNA and histones at key effector T-cell genes (88,89). 

Collectively, these data suggest that epigenetic mechanisms can alter tumor cell 

microenvironment interactions. 

1.6 Pharmacological exploitation of epigenetic plasticity  

The literature summarized hereto describes how epigenetic remodeling can 

promote therapeutic resistance and tumor progression. Conversely, inhibition of these 

epigenetic pathways can sensitize tumors to targeted and cytotoxic therapies. Ultimately, 

an important goal is to determine whether pharmacological interventions targeting 

epigenetic enzymes, many of which are FDA-approved or in clinical development, may 

be clinically relevant in treating cancer.  

Several epigenetic enzymes inhibitors are under active investigation in pre-

clinical and clinical trials. In addition to FDA-approved HDAC and DNMT inhibitors, 

phase I/II clinical trials are underway for EZH2, LSD1, BRD4, and DOT1L inhibitors 

(90,91). The most successful development thus far is the use of EHZ2 inhibitors in 

EZH2-mutant DLBCL. Other candidate targets include DOT1L inhibitors, which are 

effective in DOT1L-dependent MLL-fusion leukemia, and BRD4 inhibitors in NUT 

midline carcinomas with BRD4/NUT fusions. Additionally, preclinical studies have 

shown widespread tumor dependencies on other epigenetic enzymes such as G9a (92), 

SMARCA2 (93), KDM4 (94), which may provide new actionable targets to treat cancer. 

These trials demonstrate cases in which mutated epigenetic enzymes are directly 

targetable and clinically relevant. 
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Outside of epigenetic modifiers as direct contributors to tumor growth, a recent 

wave of studies has shown that inhibition of epigenetic enzymes can resensitize 

chemotherapy-resistant tumors to chemotherapy and targeted therapies. For example, 

administration of EZH2, G9a or DNMT inhibitors has been found to sensitize various 

cancer types to chemotherapies such as doxorubicin, cyclophosphamide and gemcitabine 

(53,95,96). In the context of targeted therapies, inhibition of HDAC and KDM5a restores 

sensitivity of EGFR inhibitor-resistant tumor cells to EGFR inhibition, and BET 

inhibitors restore sensitivity to lapatinib-resistant HER2+ breast cancers (96,97). Taken 

together, recent evidence suggests that tumor cells can use epigenetic pathways to 

generate rapid and reversible adaptive resistance to targeted therapies.  

1.7 Modeling the contribution of epigenetic plasticity to breast tumor recurrence. 

Despite major strides in treating breast cancer in recent decades, most deaths will 

result from recurrent disease, often at distant sites. Relapsed tumors commonly 

demonstrate aggressive onset and resistance to chemotherapy. However, due to the 

difficulty in obtaining recurrent tumor tissue and a lack of reproducible mouse models, 

the pathways contributing to tumor recurrence remain poorly understood. 

 To gain insight into biological pathways driving tumor recurrence, we and others 

have used a genetically engineered mouse (GEM) mammary tumor model with 

conditional HER2 expression that mimics key features of breast cancer recurrence in 

women (98-100). Administration of doxycycline (dox) to MMTV-rtTA;TetO-HER2/neu 

(MTB;TAN) mice induces HER2 expression in mammary epithelial cells, leading to the 

formation of HER2-driven adenocarcinomas. Dox withdrawal leads to tumor regression, 
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but a small population of tumor cells can survive HER2 downregulation and persist as 

minimal residual disease. After a latency of several months, these residual tumor cells 

spontaneously re-initiate proliferation and give rise to recurrent tumors. Importantly, 

these tumors recur independently of the HER2 oncogene, suggesting tumors have 

acquired HER2-independent bypass mechanisms for their growth, mirroring observations 

in HER2-discordant human breast cancers.  

Previous studies using HER2-driven recurrence models have identified Met 

amplification (101) and CKD2NA deletions (100) as critical genetic drivers of tumor 

recurrence. While genetic alterations underlie some tumor relapses, not all tumors have a 

clear genetic basis for recurrence. We reasoned that a subset of recurrent tumors might 

leverage non-genetic mechanisms to adapt to and recur following HER2 withdrawal. 

Thus, characterizing epigenetic and transcriptional profiles of primary and recurrent 

tumors could identify non-genetic mechanisms by which tumor cells survive HER2 

downregulation and form recurrent tumors.  

In this dissertation, I describe the implementation of these GEM models to 

understand the contribution of epigenetic plasticity to breast cancer recurrence. I will 

show that epigenetic plasticity contributes to tumor cell survival and recurrence through 

two pathways. Specifically, I describe how epigenetic reprogramming through EMT 

promotes chemotherapy resistance by epigenetic silencing of the tumor suppressor Par-4. 

Further, Par-4 silencing can be pharmacologically reversed with epigenetic inhibitors of 

EZH2 and HDAC. Par-4 re-expression restores sensitivity to microtubule agents through 

cytoskeletal interactions. Second, I will also describe that recurrent tumors undergo G9a-
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dependent epigenome remodeling to promote recurrence through repression of a pro-

inflammatory gene expression program. G9a inhibition demethylates H3K9 at the TNF 

promoter, upregulating expression of TNF and inducing recurrent tumor cell specific 

necroptosis. In summary, these data provide a framework for understanding how non-

genetic factors, such as epigenome remodeling through EMT and epigenetic 

dependencies on G9a histone methyltransferase, contribute to breast cancer recurrence.  
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2. Epigenetic Silencing of Tumor Suppressor Par-4 Promotes Chemoresistance in 
Recurrent Breast Cancer 

Please note that portions of text in the introduction and within this chapter is 

adapted from the manuscript Epigenetic Silencing of Tumor Suppressor Par-4 Promotes 

Chemoresistance in Recurrent Breast Cancer published in The Journal of Clinical 

Investigation (102). This text was reprinted with permission from ASCI and JCI. The 

authors on this manuscript include Nathaniel Mabe, Doug Fox, Ryan Lupo, Amy Decker, 

Stephanie Phelps, J. Will Thompson and James Alvarez. All work described herein was 

conducted and analyzed by Nathaniel Mabe. Ryan Lupo and Stephanie Phelps assisted 

with generation of mouse model data. J. Will Thompson with Duke proteomics core 

facility assisted with analysis of proteomics data. Amy Decker contributed to in vitro 

chemosensitivity assays, and immunofluorescence on Shld1-treated recurrent tumor cells.  

2.1 Background 

2.1.1 Prostate apoptosis response-4 (Par-4) as a tumor suppressor 

Par-4 is a pro-apoptotic protein that was initially discovered in prostate cancer cell 

lines by its induction in response to ionomycin-induced cell death (103). The 41 kDa 

protein is primarily located in the cytosol, but relocates to the nucleus upon cell stress. 

Par-4 protein has both cytosolic and nuclear apoptotic functions, despite lacking catalytic 

or DNA binding activity (104). In the cytosol, Par-4 can alter activity of atypical PKC 

and inhibit NF-κB signaling, negatively regulate XIAP, and interrupt regulatory 

interactions governing myosin light chain phosphorylation (105,106). Upon 

phosphorylation of T155 (Human T163) by protein kinase A, two nuclear localization 
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sequence domains shuttle Par-4 into the nucleus where it is thought to induce potent 

apoptotic effects. In the nucleus, Par-4 it can bind nuclear proteins Dlk and WT1, inhibit 

bcl2 expression, or negatively regulate topoisomerase (107-109). Recent evidence 

suggests Par-4 plays a vital role in apoptosis in response to a variety of anti-tumor stimuli 

including radiation, chemotherapeutics and TNF-α (110). Furthermore, evidence suggests 

Par-4 upregulation and/or phosphorylation plays a vital role in response to a variety of 

chemotherapies including doxorubicin (99), vincristine(111), docetaxel and 5-FU(112). 

Previous work from our lab established that Par-4 is a critical determinant of 

residual tumor cell survival and tumor recurrence (99). Specifically, Par-4 

downregulation is both necessary and sufficient to promote breast cancer recurrence. This 

mirrors observations in human breast cancer, where Par-4 expression is considerably 

lower following neoadjuvant chemotherapy. The objectives of the current study are to 

evaluate the mechanism by which Par-4 becomes downregulated, develop pharmacologic 

strategies to re-express Par-4, and determine the functional consequences of Par-4 re-

expression in recurrent tumors. 

2.2 Results 

2.2.1 Par-4 downregulation is associated with EMT during breast cancer recurrence 

We have previously used mouse mammary tumor models with inducible 

expression of HER2 (98), Myc (113), or Wnt1 (114) to study mechanisms of mouse 

breast cancer recurrence. We showed that in these models tumor recurrence is invariably 

associated with downregulation of the pro-apoptotic protein Par-4, and Par-4 

downregulation promotes recurrence (99). To investigate the mechanisms underlying Par-



 

 19 

4 downregulation in recurrent tumors, we generated a panel of primary and recurrent 

tumors from MMTV-rtTA;TetO-HER2/neu (MTB;TAN) mice (98). Doxycycline 

administration to MTB;TAN mice led to the development of primary invasive mammary 

adenocarcinomas (Figure 1A). One cohort of mice was sacrificed with primary tumors; a 

second cohort of mice was removed from dox to induce tumor regression, and mice were 

monitored for the development of recurrent tumors. Approximately 85% of mice with 

regressed tumors developed HER2-independent recurrent tumors with a median 

recurrence latency of 154 days (Figure 1A-C). Primary and recurrent tumors were 

harvested for molecular analyses or digested to generate tumor cell cultures. 

Consistent with previous results, western blot and qPCR analysis of primary and 

recurrent MTB;TAN tumors showed that all recurrent tumors had downregulated Par-4 

protein (Figure 1D) and mRNA (Figure 1E). To gain insight into the mechanism of Par-4 

downregulation, we first considered the observation that recurrent tumors arising in 

MTB;TAN mice undergo EMT (98). Given that EMT is accompanied by widespread 

epigenetic and gene expression changes (115), we hypothesized that Par-4 

downregulation may be a result of EMT.  Consistent with this hypothesis, recurrent 

tumors had silenced the epithelial protein E-cadherin and upregulated the mesenchymal 

intermediate filament protein vimentin (Figure 1D). Recurrent tumors had also 

upregulated the EMT transcription factors Snail and Twist (Figure 1D). These results 

indicate that Par-4 downregulation is associated with EMT in recurrent mouse mammary 

tumors. 
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Figure 1: Recurrent tumors downregulate Par-4 and undergo EMT.
A. Representative tumor volume curves showing primary tumor formation following dox administration,   
     tumor regression following dox withdrawal, and spontaneous tumor recurrence in MTB;TAN mice. 
B. Kaplan-Meier plots showing recurrence-free survival following doxycycline withdrawal in a large cohort   
    (n=39) of MTB;TAN tumors.
C. qRT-PCR analysis of the Her2/neu transgene in primary (n=7) and recurrent (n=7) MTB;TAN tumors. 
D. Western blot showing the expression of Par-4 and EMT markers in a panel of primary and recurrent   
    MTB;TAN tumors.
E. qRT-PCR analysis of Par-4 in primary (n=7) and recurrent (n=7) MTB;TAN tumors. 
F. Western blot showing the expression of Par-4 and EMT markers in cultured cells derived from primary   
    and recurrent MTB;TAN tumors.
G. Representative micrographs (10x) of primary and recurrent tumor cells showing morphological evidence  
    of EMT in recurrent tumor cells.

Error bars denote mean ± SEM, ***p-value<0.001. Significance determined by Student’s t-test.
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Figure 1: Recurrent tumors downregulate Par-4 and undergo EMT (A) 
Representative tumor volume curves showing primary tumor formation following dox 
administration, tumor regression following dox withdrawal, and spontaneous tumor 
recurrence in MTB;TAN mice. (B) Kaplan-Meier plots showing recurrence-free survival 
following doxycycline withdrawal in a large cohort (n=39) of MTB;TAN tumors. (C) 
qRT-PCR analysis of the HER2/neu transgene in primary (n=7) and recurrent (n=7) 
MTB;TAN tumors. (D) Western blot showing the expression of Par-4 and EMT markers 
in a panel of primary and recurrent MTB;TAN tumors. (E) qRT-PCR analysis of Par-4 in 
primary (n=7) and recurrent (n=7) MTB;TAN tumors. (F) Western blot showing the 
expression of Par-4 and EMT markers in cultured cells derived from primary and 
recurrent MTB;TAN tumors. (G) Representative micrographs (10X) of primary and 
recurrent tumor cells showing morphological evidence of EMT in recurrent tumor cells. 
Error bars denote mean ± SEM. *** p-value <0.001. Significance determined by 
Student’s t-test. 
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2.2.2 EMT is necessary and sufficient to downregulate Par-4 

In light of the association between Par-4 downregulation and EMT in recurrent 

mouse tumors and primary human breast cancers, we hypothesized that EMT may 

directly lead to Par-4 downregulation. To provide a tractable system to investigate the 

mechanisms underlying Par-4 downregulation, we isolated tumor cells from two primary 

tumors and two recurrent tumors. Cells cultured from these tumors resembled intact 

tumors: recurrent tumor cells had lower expression of Par-4 and E-cadherin, and higher 

expression of vimentin, Snail, and Twist, as compared to primary tumor cells (Figure 1F). 

In addition, while primary tumor cells exhibited an epithelial morphology, recurrent 

tumor cells had adopted a spindle-shaped morphology characteristic of EMT (Figure 1G). 

Thus, cells derived from primary and recurrent tumors maintain the molecular and 

morphologic characteristics of the tumors from which they were derived, and provide a 

suitable model for studying Par-4 regulation.  

We induced EMT in primary tumor cells using TGF-β, which signals through 

SMAD transcription factors to induce the expression of EMT transcription factors such as 

Zeb1, Twist and Snail (116). Treatment of primary tumor cells with TGF-β led to the 

acquisition of an elongated, spindle-cell morphology (Figure 2A), confirming that TGF-β 

induces EMT in these cells. Furthermore, TGF- β treatment led to a decrease in E-

cadherin expression, an increase in expression of vimentin, Snail and Twist (Figure 2B). 

We then examined Par-4 expression and found that Par-4 protein (Figure 2B) and mRNA 

(Figure 2C) levels were decreased following induction of EMT by TGF-β.  These results 

suggest that TGF-β-induced EMT is accompanied by Par-4 downregulation.  
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Figure 2: EMT is sufficient to suppress Par-4 expression.
A. Immunofluorescence staining for E-cadherin (red) or vimentin (green) in primary tumor     
    cells treated with either PBS or 10 ng/mL TGF-β (10x magnification). 
B. Western blot showing the expression of Par-4 and the EMT markers E-cadherin,  
    Vimentin, Twist and Snail in primary tumor cells treated with vehicle or 10 ng/mL TGF-β.
C. qRT-PCR analysis of Par-4, E-cadherin, and Vimentin transcripts in primary tumor 
    cells treated with vehicle or 10ng/mL TGF–β. Results are shown as mean ± SEM  
    relative to the vehicle in primary tumor cell line #1.
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Figure 2: EMT is sufficient to suppress Par-4 expression (A) Immunofluorescence 
staining for E-cadherin (red) or vimentin (green) in primary tumor cells treated with PBS 
or 10ng/mL TGF-β (10X magnification. (B) Western blot showing the expression of Par-
4 and EMT markers E-cadherin, Vimentin, Twist and Snail in primary tumor cells treated 
with vehicle or 10ng/mL TGF-β. (C) qRT-PCR analysis of Par-4, E-cadherin and 
vimentin transcripts in primary tumor cell lines treated with vehicle or 10ng/mL TGF-β. 
Results are shown as mean ± SEM relative to vehicle in primary tumor cell line #1.  

2.2.3 Snail and Twist are sufficient to induce Par-4 downregulation 

We next sought to dissect the specific EMT transcription factors that mediate Par-

4 downregulation. EMT is driven by the coordinate action of several transcription factors, 

including Snail, Slug, Twist, Zeb1 and Zeb2 (62,117). Notably, Snail and Twist have 

been shown to promote EMT in breast cancer and are correlated with poor clinical 

outcome (65,80,118). To evaluate whether Snail and/or Twist transcription factors are 

sufficient to repress Par-4 expression, we transduced two primary tumor cell lines with 
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retrovirus expressing Twist, Flag-tagged Snail, or an empty vector as a control. Twist 

expression induced EMT in both primary tumor cell lines, as evidenced by decreased E-

cadherin and increased vimentin expression (Figure 3A-C). Twist expression in both cell 

lines was accompanied by downregulation of Par-4 protein (Figure 3B) and mRNA 

(Figure 3C). Similar to Twist, ectopic Snail expression resulted in decreased expression 

of E-cadherin and increased expression of vimentin (Figure 3D-F), confirming the 

induction of EMT, as well as a reduction in Par-4 protein (Figure 3E) and mRNA levels 

(Figure 3F). The magnitude of Par-4 mRNA repression by Twist and Snail was similar to 

the repression of E-cadherin mRNA, a bona fide target of these transcription factors 

(Figure 3C and 3F) (119,120). Interestingly, expression of Twist and Snail in primary cell 

line #2 induced substantial reductions in E-cadherin mRNA levels, but only a partial 

reduction in E-cadherin protein (Figure 3B vs 3C, and 3E vs 3F). While the basis for this 

discrepancy is unknown, this may suggest that primary cell line #2 undergoes a partial 

EMT program in response to Snail and Twist expression (121). Taken together, these 

results indicate that the EMT transcription factors Twist and Snail are sufficient to induce 

Par-4 downregulation in primary tumor cells.    

To determine whether Par-4 is a direct transcriptional target of Twist and Snail, 

we next asked whether these transcription factors directly bind to the Par-4 promoter. To 

investigate this, we performed chromatin immunoprecipitation followed by qPCR (ChIP-

qPCR) with antibodies against Twist. Immunoprecipitated DNA was amplified with a 

primer set targeting approximately 400bp upstream of the Par-4 transcriptional start site 

(TSS). We found that Twist binding was enriched ~3.5-fold at the upstream region of the 
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Par-4 promoter in Twist-expressing cells, similar to the magnitude of Twist enrichment at 

the E-cadherin promoter (119)  (Figure 3G).  We did not observe enrichment of Twist at 

a gene desert region on chromosome 12 (Figure 3G). Taken together, we conclude that 

Twist binds directly to the Par-4 promoter, and this is associated with Par-4 repression. 
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A. qRT-PCR analysis showing Twist expression in primary tumor cells transduced with retrovirus expressing  
     Twist or an empty vector as a control. 
B. Western blot showing the expression of Par-4, E-cadherin, Vimentin, and Twist in control and Twist-   
     expressing primary tumor cells. 
C. qRT-PCR analysis of Par-4, E-cadherin, and Vimentin expression in control and Twist-expressing primary  
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E. Western blot showing the expression of Par-4, E-cadherin, Vimentin, and Snail in control and Snail-   
     expressing primary tumor cells. 
F. qRT-PCR analysis of Par-4, E-cadherin, and Vimentin expression in control and Snail-expressing primary  
    tumor cells. 
G. Chromatin immunoprecipitation (ChIP) analysis of Twist occupancy at the Par-4 promoter, the E-cadherin  
     promoter, and at a gene desert on chromosome 12. Data are presented as fold-enrichment over IgG IP. 

Error bars denote mean ± SEM. 
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Figure 3: Snail and Twist directly suppress Par-4 expression (A) qPCR analysis 
showing Twist expression in primary tumor cell lines transduced with retrovirus 
expressing Twist or an empty vector as a control. (B) Western blot showing the 
expression of Par-4, E-cadherin, vimentin, and Twist1 in control and Twist-expressing 
primary tumor cells. (C) qPCR analysis of Par-4, E-cadherin, and vimentin expression in 
control and Twist-expressing primary tumor cells. (D) qPCR analysis showing Snail 
expression in primary tumor cell lines transduced with retrovirus expressing Snail or an 
empty vector as a control. (E) Western blot showing the expression of Par-4, E-cadherin, 
vimentin, and Snail in control and Snail-expressing primary tumor cells. (F) qPCR 
analysis of Par-4, E-cadherin, and vimentin expression in control and Twist-expressing 
primary tumor cells. (G) ChIP analysis of Twist occupancy at the Par-4 promoter, the E-
cadherin promoter, and at a gene desert on chromosome 12. Data are presented as fold 
enrichment over IgG IP. Error bars denote mean ± SEM. 
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2.2.4 EMT is necessary for Par-4 downregulation in recurrent tumors 

We next sought to determine whether EMT is required to maintain Par-4 

downregulation in recurrent tumor cells. NF-κB signaling is required for both the 

induction and maintenance of EMT in breast cancer (122). Therefore, we tested whether 

inhibition of NF-κB could reverse EMT, and whether this was associated with Par-4 

upregulation. We transduced two recurrent tumor cell lines with a lentivirus expressing 

dominant-negative IκB, in which Serines 32 and 36 were mutated to Alanine (IκB 

S32/36A). These mutations prevent IKK-dependent phosphorylation and degradation of 

IκB, thereby sequestering NF-κB subunits p50 and RelA in the cytosol and inhibiting 

downstream NF-κB signaling (123). We confirmed that dominant-negative IκB 

expression in recurrent tumor cells inhibited NF-κB signaling, as evidenced by the 

stabilization of IκB, loss of IκB phosphorylation, and a decrease in the expression of a 

panel of NF-κB target genes (Figure 4A and B). Inhibition of the NF-κB pathway 

reversed EMT: cells adopted an epithelial morphology (Figure 4C), and the expression of 

mesenchymal genes decreased while the expression of E-cadherin increased (Figure 4A 

and B). We next examined Par-4 expression, and found that the reversal of EMT through 

inhibition of the NF-κB pathway led to a profound increase in Par-4 (Figure 4A). 

Notably, the reversal of EMT and re-expression of Par-4 was stronger in recurrent cell 

line 1, suggesting that EMT maintenance in recurrent tumor cell line 2 may be partly 

independent of the NF-κB pathway.  
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Figure 4: EMT is required for Par-4 downregulation in recurrent tumors (A) 
Western blot analysis showing the expression of Par-4, E-cadherin, IκB, and p-IκB (S32) 
in recurrent tumor cells expressing a dominant-negative IκB mutant (S32/36A). (B) 
qPCR analysis of EMT markers (Vim, Snail, Twist, Cdh1) and NF-κB target genes (Bcl2, 
Ccl5, Vcam1, Mmp2, Mmp9, Mmp13) in recurrent tumor cells expressing a dominant-
negative IκB mutant. (C) Representative micrographs (original 10X magnification) of 
recurrent tumor cells expressing an empty vector or dominant-negative IκB mutant Error 
bars denote mean ± SEM. 

2.2.5 Twist represses Par-4 expression by inducing bivalent histone modifications 

EMT transcription factors regulate gene expression by binding to target genes and 

recruiting epigenetic regulators, including histone modifying enzymes and DNA 

methyltransferases, to alter the pattern of active and repressive marks at these promoters 

(115). For example, Snail can recruit the histone methyltransferases G9a and PRC2 to the 

E-cadherin promoter, which then deposit repressive methylation marks at H3K9 

(H3K9me2/3) and H3K27 (H3K27me3), respectively (80). Alternatively, recruitment of 
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histone deacetylase (HDAC)-containing complexes, like NuRD and Sin3a, can repress 

genes through removing the active acetylation mark at H3K9 (H3K9ac) and H3K27 

(H3K27ac) (60). In some cases, repressive histone modifications are also associated with 

recruitment of DNA methyltransferases (DNMTs), which induce cytosine methylation in 

CpG dinucleotides of promoters to induce stable gene silencing. Given that Twist directly 

binds to the Par-4 promoter to repress Par-4 expression, we next wished to identify the 

epigenetic modifications underlying this repression. Because the mechanism of E-

cadherin silencing during EMT has been extensively studied, we examined the E-

cadherin promoter as a control for these experiments. 

The Par-4 promoter contains a CpG island that was previously found to be 

methylated in endometrial tumors and in Ras-transformed fibroblasts (124,125). We 

therefore asked whether Par-4 is silenced in recurrent tumor cells through DNA promoter 

hypermethylation. We used bisulfite sequencing to examine methylation of the Par-4 and 

E-cadherin promoters in two primary and two recurrent tumor cell lines. We found that a 

CpG island in the E-cadherin promoter was hypermethylated in recurrent, but not primary 

tumor cells (Figure 6A); this region of the E-cadherin promoter has previously been 

shown to be methylated following EMT (126). In contrast, there was a low level of CpG 

methylation in the Par-4 promoter in primary tumor cells, and this did not increase in 

recurrent tumor cells (Figure 5). These results indicate that promoter hypermethylation 

does not contribute to Par-4 repression in recurrent tumors, and further suggest that Par-4 

and E-cadherin are repressed through different mechanisms in recurrent tumors. 
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We next sought to characterize the histone modifications present at the Par-4 and 

E-cadherin promoters in recurrent tumor cells. We performed ChIP for the active marks 

H3K9ac and H3K4me3 and the repressive marks H3K27me3 and H3K9me2 

(46,127,128). We also measured RNA Pol II occupancy as a measure of transcriptional 

activity. Consistent with the published data on E-cadherin silencing (115), we found that 

in recurrent cells the E-cadherin promoter exhibited a loss of both active marks, and a 

reciprocal gain of both repressive marks (Figure 6A, right). In contrast, ChIP analysis of 

these marks at the Par-4 promoter showed a loss of the active mark H3K9ac in recurrent 

cells, but no decrease in the active mark H3K4me3 (Figure 6A, left). Similarly, the 

repressive modification H3K27me3 was increased at the Par-4 promoter in recurrent 

cells, while levels of the H3K9me2 modification were low but variable in recurrent cells 

(Figure 6A, left). Together, these results suggest that altered histone modifications at the 

Par-4 promoter – specifically a reduction in H3K9ac and an increase in H3K27me3 – are 

responsible for epigenetic silencing in recurrent tumors.  Furthermore, these results 

suggest that the Par-4 promoter is in a bivalent state in recurrent cells, in which both 

active (H3K4me3) and repressive (H3K27me3) marks are present (129).  The presence of 

both active and repressive marks at the Par-4 promoter was confirmed by genome-wide 

ChIP-seq analysis (Figure 6B).  This bivalent configuration is consistent with the low 

levels of H3K9me2 and the lack of increase in CpG methylation at the Par-4 promoter in 

recurrent cells; both of these are associated with more permanent repressive states (e.g., 

at the E-cadherin promoter), and their absence suggests that Par-4 silencing may be 

readily reversible in recurrent cells (130).  



 

 29 

Next, we sought to determine whether Twist expression in primary tumor cells 

also induces a bivalent configuration at the Par-4 promoter. We performed ChIP for 

active and repressive marks in primary tumor cells transduced with Twist or an empty 

vector. Twist expression led to a loss of all active marks and a gain in repressive marks at 

the E-cadherin promoter (Figure 6C, right). In contrast, Twist expression induced a 

bivalent configuration at the Par-4 promoter, with high levels of both H3K4me3 and 

K3K27me3 (Figure 6C, left). Distinct from recurrent tumor cells, Twist-expressing cells 

exhibited increased H3K9me2 levels at the Par-4 promoter, suggesting that Twist 

expression by itself does not fully recapitulate the mechanism of Par-4 silencing in 

recurrent tumors. Taken together, these data suggest that Twist directly binds to the Par-4 

promoter and induces bivalent histone modifications to repress Par-4 transcription in 

recurrent tumors. 



 

 30 

+
-
-

- +
- +

+

Pr
im

ar
y 

#1
 

SAHA 
EPZ6438 

Par-4

GAPDH

H
3K

4m
e3

H
3K

9a
c

R
N

Ap
ol

2 
H

3K
27

m
e3

H
3K

9m
e2

Ac
tiv

e 
m

ar
ks

R
ep

re
ss

iv
e 

m
ar

ks

%
 in

pu
t D

N
A

%
 in

pu
t D

N
A

%
 in

pu
t D

N
A

%
 in

pu
t D

N
A

%
 in

pu
t D

N
A

Primary Recurrent

Primary Recurrent

Primary Recurrent

Primary Recurrent

Primary Recurrent

%
 in

pu
t D

N
A

%
 in

pu
t D

N
A

%
 in

pu
t D

N
A

%
 in

pu
t D

N
A

%
 in

pu
t D

N
A

Primary Recurrent

Primary Recurrent

Primary Recurrent

Primary Recurrent

Primary Recurrent

E-cadherinPar-4

H3
K4

m
e3

H3
K9

ac
RN

Ap
ol

2 
H3

K2
7m

e3
%

 in
pu

t D
NA

Vector Twist

%
 in

pu
t D

NA

Vector Twist

%
 in

pu
t D

NA

Vector Twist

%
 in

pu
t D

NA

Vector Twist

%
 in

pu
t D

NA

Vector Twist

%
 in

pu
t D

NA

Vector Twist

%
 in

pu
t D

NA

Vector Twist
%

 in
pu

t D
NA

Vector Twist

E-cadherinPar-4

Par-4

Recurrent #2

H3K4me3
H3K9ac

H3K27me3
RNApol2

145

90

8

145

7.5kb

Par-4

Primary #1

H3K4me3
H3K9ac

H3K27me3
RNApol2

145

90

8

145

7.5kb

-217 +148

P
rim

. #
1

P
rim

. #
2

R
ec

. #
1

R
ec

. #
2

-1 +248

Unmethylated Methylated

E-cadherinPar-4A C

B D

E

Recurrent #1

P
rim

. #
1

P
rim

. #
2

R
ec

. #
1

R
ec

. #
2

Figure 5: Par-4 is epigenetically repressed in recurrent tumors through bivalent histone modifications.
A. Methylation of CpG dinucleotides (circles) within the region surrounding the TSS of Par-4 (-1 to +248) or the TSS of    
    the E-cadherin promoter (-217 to +148). Bisulfite-treated DNA from primary and recurrent tumor cells was transformed    
    into bacteria and ten replicate colonies were sequenced (rows). Open circles denote unmethylated CpG dinucleotides,  
    closed circles denote methylated CpG dinucleotides.
B. ChIP-qPCR analysis showing enrichment of histone marks H3K4me3, H3K9ac, H3K27me3, H3K9me2, and RNApol2  
    within the Par-4 promoter (left panel) in primary and recurrent tumor cells. The E-cadherin promoter (right panel) is  
    shown to demonstrate the pattern of histone modification at a stably silenced gene.
C. ChIP-seq analysis showing enrichment of histone marks H3K4me3, H3K9ac, H3K27me3 and RNApol2 at the Par-4 
    promoter in primary and recurrent tumor cells.
D. ChIP-qPCR analysis showing enrichment of histone marks H3K4me3, H3K9ac, H3K27me3, H3K9me2 and RNApol2  
    at the Par-4 promoter (left panel) in control or Twist-expressing primary cell line #1. Enrichments at the E-cadherin 
    promoter (right panel) is included as a control.
E. Western blot analysis showing Par-4 expression in recurrent tumor cells treated for 48 hours with inhibitors of EZH2 
    (1 μM EPZ6438) or HDACs (1 μM SAHA), either alone or in combination. Primary tumor cell lysate is shown as a 
    control for Par-4 expression.
Error bars denote mean ± SEM.
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Figure 5: Par-4 is not silenced via promoter CpG methylation (A) Methylation of 
CpG dinucleotides (circles) within the region surrounding the TSS of Par-4 (-1 to +248) 
or the TSS of the E-cadherin promoter (-217 to +148). Bisulfite-treated DNA from 
primary and recurrent tumor cels was transformed into bacteria and 10 replicate colonies 
were sequenced (rows). Open circles denote unmethylated CpG dinucleotides, closed 
circles denote methylated dinucleotides.  
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Figure 6: Par-4 is epigenetically repressed in recurrent tumors through bivalent 
histone modifications (A) ChIP-qPCR analysis showing enrichment for the histone 
marks H3K4me3, H3K9ac, H3K27me3, H3K9me2, and RNApol2 within the Par-4 
promoter (left) in primary and recurrent tumor cells. The E-cadherin promoter (right) is 
shown to demonstrate the pattern of histone modifications at a stably silenced gene. (B) 
ChIP-seq analysis showing enrichment of histone marks H3K4me3, H3K9ac, H3K27m3, 
and RNAPol2 at the Par-4 promoter in primary and recurrent tumor cell lines. (C) ChIP-
qPCR analysis showing enrichment of histone marks H3K4me3, H3K9ac, H3K27me3, 
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and RNApol2 at the Par-4 promoter (left) in control or Twist-expressing primary cell line 
1. The E-cadherin promoter (right)  is included as a control. (D) Western blot analysis 
showing Par-4 expression in recurrent tumor cells treated with EZH2 or HDAC 
inhibitors, alone or in combination. Primary tumor cell lysate is included as a control for 
Par-4 expression. Error bars denote mean ± SEM. 

 

2.2.6 Par-4 silencing in recurrent tumors can be reversed with pharmacologic 
inhibitors 

The finding that the Par-4 promoter is in a bivalent configuration in recurrent 

tumor cells suggested that Par-4 silencing might be readily reversible. We next evaluated 

whether pharmacologic agents that restored H3K9 acetylation (H3K9ac) or blocked 

H3K27 methylation (H3K27me3) would reverse Par-4 silencing. Recurrent tumor cells 

were treated with the pan-HDAC inhibitor SAHA (vorinostat) or the EZH2 inhibitor 

EPZ6438 (tazemetostat) and Par-4 levels were measured by western blot. EPZ6438 

treatment led to a modest upregulation of Par-4, while SAHA treatment induced more 

profound Par-4 upregulation, producing levels equivalent to those found in primary 

tumors (Figure 6D). Similar results were obtained with the selective HDAC1/2 inhibitor 

romidepsin (Figure 7A). In contrast, treatment with SAHA induced only a slight increase 

in E-cadherin expression in recurrent tumors (Figure 7B). In fact, treatment with both 

SAHA and 5-aza-dC, a DNMT inhibitor, was required to re-express E-cadherin in 

recurrent tumor cells, and even this combined treatment led to only modest E-cadherin 

upregulation (Figure 7B). Taken together, these results suggest that the bivalent mode of 

Par-4 silencing in recurrent tumors renders it relatively more accessible to re-expression 

through pharmacological inhibitors, compared to a more stably silenced gene, like E-

cadherin.  
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+
+ SAHA (HDACi)

5-AzaDC (DNMTi)
-

-
+

+-
-

GAPDH

Par-4

E-cadherin

Pr
im

ar
y 

#1

1.00 0.22 0.16 1.27 0.56
1.00 0.04 0.14

Par-4
E-cadherin 0.01 0.01

Recurrent #1

 

Figure 7: Par-4 silencing in recurrent tumors can be reversed with epigenetic 
inhibitors (A) Western blot analysis showing Par-4 expression following 24-hour 
treatment with increasing concentrations of the selective HDAC1/2 inhibitor romidepsin. 
(B) Western blot analysis showing Par-4 and E-cadherin expression following 48-hour 
treatment with vehicle, HDAC inhibitor SAHA, or the DNMT inhibitor 5-aza-2’-
deoxycytidine alone or in combination in recurrent tumor cell line 1. Primary tumor cell 
line 1 is shown as a control for protein expression. 

2.2.7 Par-4 re-expression sensitizes recurrent tumors to microtubule-targeting drugs 

Par-4 expression is required for cell death in response to a number of 

chemotherapeutic agents, including doxorubicin (131), vincristine (111) and 5-FU (112). 

In light of our finding that Par-4 is downregulated following EMT, we speculated that 

Par-4 silencing might provide a novel mechanism of chemoresistance in recurrent tumors 

that have undergone EMT. To address this, we first asked whether recurrent tumors 

arising in MTB;TAN mice are resistant to chemotherapy, and then tested whether Par-4 

silencing is functionally important for mediating this resistance.  

We previously showed that primary orthotopic MTB;TAN tumors are sensitive to 

a chemotherapy regimen consisting of Adriamycin, cyclophosphamide and paclitaxel 

(AC+T) that is commonly used to treat breast cancer patients (99). To determine if 

recurrent MTB;TAN tumors are more resistant to chemotherapy, we compared the 

response of orthotopic primary and recurrent tumors to this chemotherapy regimen. 

Primary or recurrent tumor cells were injected orthotopically into mice and AC+T 
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treatment was initiated when tumors reached 5 mm in diameter. In contrast to primary 

tumors, orthotopic recurrent tumors exhibited only modest responses to this AC+T 

regimen: the majority of tumors reached study endpoint within 20 days, and none of the 

mice survived long enough to complete therapy (Figure 8A). In contrast, all orthotopic 

primary tumors survived through AC+T, with a median-survival of 31 days (Figure 8A). 

This suggests that recurrent tumors are relatively resistant to chemotherapy as compared 

to primary tumors.  

We next asked whether Par-4 silencing may partially mediate this 

chemoresistance. To address this, we tested the effect of re-expressing Par-4 with the 

inducible L106P-Par-4 system to evaluate the response of recurrent tumor cells to 

chemotherapy in vitro. Recurrent tumor cells were treated with increasing concentrations 

of the microtubule-targeting drugs vincristine or docetaxel in the presence or absence of 

Shld1 and cell viability was measured. Par-4 re-expression sensitized recurrent tumor 

cells to both drugs, resulting in an ~8-fold increase in the potency of docetaxel (IC50 for 

vehicle control, 72 nM (95% CI: 22.5 nM-287 nM); IC50 for Shld1, 9.3 nM (95% CI: 

3.47 nM-21.5 nM); p=0.01) and a ~2-fold increase in the potency of vincristine (IC50 for 

vehicle control, 8.3 nM (95% CI: 5.9 nM-11.9 nM); IC50 for Shld1, 4.2 nM (95% CI: 

3.08 nM-5.87 nM); p=0.006) (Figure 8B and C). We next performed assays examining 

the effect of Par-4 expression on cell survival in response to low therapeutic doses of 

docetaxel or vincristine. Treatment with Shld1 or each chemotherapeutic drug alone had 

minimal effects on cell viability (Figure 8D-F). In contrast, Par-4 expression dramatically 

increased cell death in response to these drugs (Figure 8D-F). Notably, the vast majority 
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of recurrent tumor cells were killed by low dose of docetaxel in the presence of Par-4 

expression (Figure 8D and E). Importantly, Shld1 administration to recurrent tumor cells 

expressing a control construct (L106P-YFP) had minimal effect on cell viability in 

response to chemotherapy, confirming that chemosensitization was mediated through 

Par-4 expression and not due to off-target effects of Shld1 (Figure 8D). 
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Figure 6: Par-4 re-expression sensitizes recurrent tumor cells to microtubule-targeting drugs.
A. Kaplan-Meier survival curves for mice injected with recurrent tumor cell line #1 (black) or primary tumor cell 
     line #1 (red) and treated with the chemotherapy regimen AC+T (n=12 recurrent tumors, n=9 primary 
     tumors) or vehicle (n=6 recurrent tumors, n=8 primary tumors). Significance was evaluated using the   
     Mantel-Cox log-rank test.
B-C. Concentration response curves for recurrent tumor cell line #1 with inducible Par-4 expression treated 
     with increasing concentrations of docetaxel (B) or vincristine (C) in the absence (-Shld1) or presence 
     (+Shld1) of Par-4 expression. IC50s are shown with 95% confidence intervals. Significance was 
     evaluated by Student’s unpaired t-test.
D. Cell viability of recurrent tumor cell line #1 with inducible Par-4 expression (top) treated with vehicle (left), 
    10 nM docetaxel (middle), or 8 nM vincristine (right) in the absence (-Shld1) or presence (+Shld1) of Par-4 
    expression. Recurrent tumor cells with inducible YFP expression (bottom) are shown to control for the 
    effects of Shld1 administration.
E-F. Growth curves for recurrent tumor cell treated with either 10 nM docetaxel (E) or 8 nM vincristine (F) in
    the absence (-Shld1) or presence (+Shld1) of Par-4 expression. Significance was evaluated by three-way 
    ANOVA (Shld1 x Drug x Time). Asterisks show statistical significance between drug treatment -/+ Shld1.

Error bars denote mean ± SEM. *p<0.05, **p<0.01, ***p<0.001
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Figure 8: Par-4 re-expression sensitizes recurrent tumor cells to microtubule-
targeting drugs (A) Kaplan-Meier survival curves for mice injected with recurrent tumor 
cell line 1 (black) or primary tumor cell line 1 (red) and treated with chemotherapy 
regimen AC+T (n=12 recurrent tumors, n=9 primary tumors) or vehicle (n=6 recurrent 
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tumors, n=8 primary tumors). Significance was evaluated using the Mantel-Cox log-rank 
test. (B and C) Concentration response curves for recurrent tumor cell line 1 with 
inducible Par-4 expression treated with increasing concentrations of docetaxel (B) or 
vincristine (C) in the absence (-shld1) or presence (+shld1) of Par-4 expression. The IC50 
is shown with 95% confidence intervals. Significance was determined by Student’s 
unpaired t-test. (D) Cell viability of recurrent tumor cell line 1 with inducible Par-4 
expression (top) treated with vehicle (left), 10 nM docetaxel (middle), or 8 nM vincristine 
(right) in the absence (-shld1) or presence (+shld1) of Par-4 expression. Recurrent tumor 
cells with inducible YFP expression (bottom) are shown as a control for the effects of 
shld1 administration. (E and F) Growth curves for recurrent tumor cells treated with 
either 10 nM docetaxel (E) or 8 nM vincristine (F) in the absence (-shld1) or presence 
(+shld1) of Par-4 expression. Significance was determined by 3-way ANOVA (Shld1 x 
drug x time). Asterisks show statistical significance between drug treatment with or 
without shld1. Error bars denote mean ± SEM. * P<0.05, ** P<0.01, ***P<0.001. 

2.2.8 Par-4 re-expression sensitizes recurrent tumors to microtubule-targeting 
chemotherapy in vivo 

We next sought to re-express endogenous Par-4 using an epigenetic engineering 

approach. This approach utilizes a catalytically dead Cas9 nuclease fused to the histone 

acetyltransferase core of p300 (dCas9-p300). In the presence of a single guide RNA 

(sgRNA) targeting a gene’s promoter, the dCas9-p300 complex localizes to the target 

gene promoter and acetylates H3K27 and H3K9, thereby promoting the transcription of 

that gene (132). We infected recurrent tumor cell line 2 with lentivirus expressing dCas9-

p300 and one of two sgRNAs targeting the Par-4 promoter (sgPar-4/1 or sgPar-4/2), or a 

non-targeting sgRNA as a control (NT). Importantly, the sgRNAs targeting Par-4 were 

designed to a region of the Par-4 promoter that is hypo-acetylated in recurrent tumors, 

such that this editing approach directly reverses the epigenetic modifications that mediate 

Par-4 silencing in recurrent tumors. Expression of each sgRNA resulted in robust re-

expression of Par-4 protein (Figure 9A) and mRNA (Figure 9B). Furthermore, ChIP 
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analysis confirmed that sgRNA expression led to increased acetylation of H3K9 and 

H3K27 at the Par-4 promoter (Figure 9C).  

We next injected recurrent tumor cells expressing control NT sgRNA, sgPar-4/1 

or sgPar-4/2 into the fourth mammary gland of recipient nu/nu mice and allowed tumors 

to form. Following tumor formation, mice were left untreated or treated with a clinically 

relevant chemotherapy regimen consisting of Adriamycin (doxorubicin) and Cytoxan 

(cyclophosphamide) (AC) for 2 weeks, followed by Taxol (paclitaxel) (T) for 2 weeks 

(Figure 9D). Par-4 re-expression in the absence of chemotherapy did not significantly 

affect the growth rate of these tumors (Figure 9E). In contrast, in the presence of 

chemotherapy, re-expression of sgPar-4/1 slowed tumor growth and improved the 

survival of mice as compared to control tumors (Figure 9F and G). Similar results were 

obtained with cells expressing sgPar-4/2, though the effects observed with this sgRNA 

did not reach statistical significance (Figure 9F and G). Notably, tumors in this cohort 

exhibited a bimodal distribution of growth rates, suggesting that some tumors may have 

circumvented the growth suppressive effects of Par-4 re-expression.  Indeed, when we 

examined Par-4 expression in chemotherapy-treated tumors at endpoint, we found that 

tumors expressing both sgRNAs targeting Par-4 had lost re-expression of Par-4 (Figure 

9H), implying that chemotherapy may select against cells re-expressing Par-4. Taken 

together, these results suggest that Par-4 re-expression slows the growth of 

chemotherapy-treated tumors during early stages of tumor growth, thereby providing a 

selective pressure such that at later stages these tumors have lost Par-4 re-expression. In 
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aggregate, these findings demonstrate that Par-4 expression through epigenome editing 

re-sensitizes recurrent tumor cells to chemotherapy. 
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   sgNT, sgPar-4#1, or sgPar-4#2. Significance was determined by one-way ANOVA and Tukey’s posthoc test.

Error bars denote mean ± SEM. 
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Figure 9: Epigenome editing to reverse Par-4 silencing prolongs survival of mice 
with recurrent tumors (A and B)Western blot (A) and qPCR (B) analysis of Par-4 
expression in recurrent tumor cells expressing dCas9-p300 and either a control sgRNA 
(NT) or 1 or 2 sgRNAs targeting the Par-4 promoter. (C) ChIP-qPCR showing H3K9ac 
and H3K27ac enrichment at the Par-4 promoter in recurrent tumor cells expressing 
dCas9-p300 and a nontargeting sgRNA or 1 of 2 sgRNAs targeting the Par-4 promoter. 
(D) Schema of AC+T treatment in the orthotopic model. A total of 12 mice were injected 
bilaterally into the fourth mammary glands. Once tumors reached approximately 75 mm3, 
mice were randomized into either untreated (n=3 mice, 6 tumors per cohort) or AC +T 
(n=9 mice, 18 tumors per cohort) groups. Mice were sacrificed once tumors reached at 
least 1,800 mm3. (E) Mean growth rate measurements for treatment-naïve recurrent 
tumors expressing control sgRNA (NT) or one of two sgRNAs targeting the Par-4 
promoter. P values were calculated by 1-way ANOVA and Tukey’s post-hoc test. (F) 
Area under the curve measurements for chemotherapy-treated recurrent tumors 
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expressing control sgRNA (NT) or 1 of 2 sgRNAs targeting the Par-4 promoter. P values 
were calculated by 1-way anova and Tukey’s post-hoc test. Differences between 
experimental and control tumors are shown. (G) Kaplan-Meier survival plots showing 
endpoint survival of recurrent tumors expressing a control sgRNA(NT) or 1 of 2 sgRNAs 
targeting the Par-4 promoter. P values, hazards ratios, and 95% confidence intervals are 
indicated as compared to sgNT. Statistical significance was determined by Mantel-Cox 
log rank test. Note that the survival curve for the control cohort (NT) represents the same 
tumors as shown in the black dashed line in Figure 8A. (H) qPCR analysis of Par-4 
expression in untreated and treated orthotopic recurrent tumors expressing sgNT, sgPar-
4/1, or sg-Par-4/2. Significance was determined by one-way ANOVA and Tukey’s post-
hoc test. Error bars denote mean ± SEM. 

2.2.9 Par-4 re-expression in recurrent tumor cells alters phosphorylation of 
cytoskeleton-associated proteins. 

We next sought to determine the mechanism by which Par-4 re-expression 

sensitizes recurrent tumor cells to microtubule-targeting drugs. Par-4 mediates most of its 

cellular effects through protein-protein interactions, often via a leucine zipper domain on 

its C-terminus (133). Therefore we reasoned that identifying binding partners of Par-4 

may shed light on the cellular effects of Par-4 re-expression in recurrent tumors. 

Recurrent tumor cells expressing L106P-Par-4 were left untreated or treated with Shld1 

for 24 hours and L106P-Par-4 was immunoprecipitated using an antibody against the 

Flag epitope. These immunoprecipitated proteins were subjected to mass spectrometry, 

and proteins that specifically interact with Par-4 were identified by comparing protein 

abundance in immunoprecipitates from control and Par-4-expressing cells. In addition to 

Par-4 itself and the L106P DD protein (FKBP12), this analysis identified 8 proteins that 

specifically interact with Par-4 (Table 1). The two most abundant Par-4-interacting 

proteins were MYPT1 and PP1cb, which are a regulatory and catalytic subunit of the 
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protein phosphatase 1 (PP1) holoenzyme (134). We confirmed that each of these proteins 

interacts with Par-4 using co-immunoprecipitation (Figure 10A and B).  

Table 1: Par-4 binding partners in recurrent tumor cells 

Protein ID Exclusive spectrum count 

- Shld1 +Shld1 

Pawr (Par-4) 13 198 

Fkbp1a (Fkbp12) 0 140 

Ppp1r12a (Mypt1) 0 28 

Ppp1cb (PP1cb) 2 19 

Twf2 0 9 

Supt16h 1 9 

Sf3b3 0 8 

Snd1 0 6 

Twf1 2 6 

Mcm3 0 5 

 

Given our finding that Par-4 interacts with a protein phosphatase, we next asked 

whether Par-4 expression alters the phosphorylation of any cellular proteins. To evaluate 

this, we measured phosphoprotein levels by quantitative mass spectrometry in recurrent 

tumor cells expressing L106P-Par-4 treated with Shld1 or vehicle for 16 hours (Figure 

10C). A total of 105 proteins (119 phosphopeptides) demonstrated significant changes in 

phosphorylation following Par-4 expression (p<0.05, fold-change >2), with 69 proteins 
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(81 phosphopeptides) showing decreased phosphorylation upon Par-4 expression and 36 

proteins (38 phosphopeptides) showing increased phosphorylation (Figure 10D). Gene 

ontology analysis of significantly altered phosphoproteins showed that proteins involved 

in actin and microtubule binding were enriched among proteins whose phosphorylation 

was changed following Par-4 expression (Figure 10E and Figure 11). Proteins whose 

phosphorylation decreased following Par-4 expression tended to be associated with 

microtubules, whereas proteins whose phosphorylation increased were mainly associated 

with the actin cytoskeleton (Figure 11).  
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Figure 10: Re-expressed Par-4 alters the phosphorylation of cytoskeleton proteins 
(A-B) Western blot analysis showing that MYPT1 (A) and PP1cβ (B) are co-

immunoprecipitated with Par-4 in Shld1-treated L106P Par-4 recurrent cell line 1. (C) 
Western blot analysis showing L106P-Par4 expression following 16-hour treatment with 
either vehicle or 1 µM Shld1 in biological triplicate. (D) Phosphopeptides were enriched 
from lysates of recurrent tumor cells treated with vehicle or shld1 for 16 hours and then 
quantified by mass spectrometry. A total of 105 phosphoproteins were significantly 
altered following Par-4 expression, representing 1.56% of all measured phosphoproteins. 
Of the 105 altered phosphoproteins, 69 were downregulated and 36 were upregulated. (E) 
Gene ontology analysis of downregulated and upregulated phosphoproteins. Dot color 
represents P value and dot size indicates the total number of phosphoproteins in each 
category relative to the total number of altered proteins. 
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Figure 11: Re-expressed Par-4 alters the phosphorylation of cytoskeletal proteins 
Volcano plot illustrating phosphoprotein enrichment and P values for all measured 
phosphoproteins following 16 hours treatment with shld1. Proteins are annotated if they 
were significantly altered (log2 fold change >1 and P < 0.05) and are associated with 
either actin (red) or microtubules (blue) gene ontology families. 

Notably, many of the proteins whose phosphorylation changed in response to Par-

4 have been associated with resistance to chemotherapies, including Stathmin (135), 

Marcks (136), Map1b (137), Kif20 (138) and HDAC6 (139). For instance, Marcks is 

known to be phosphorylated on a cluster of closely spaced serine residues (Ser159, 163, 

167, and 170 in human; the corresponding residues in mouse are Ser152, 156, 160, and 

163), and high levels of phosphorylation at these sites promotes paclitaxel resistance in 

human breast cancer cells  (136). We found that Par-4 expression led to a reduction in 

Marcks phosphorylation at Ser156 and Ser160, suggesting that reduced Marcks 
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phosphorylation may mediate, at least in part, Par-4-induced chemosensitization (Figure 

12A-D). We next expressed Par-4 by transducing recurrent tumor cells with retrovirus 

expressing Par-4, and then assessed Par-4 subcellular localization using 

immunofluorescence staining for Par-4 and phalloidin staining for F-actin. Re-expressed 

Par-4 partially localized near actin stress fibers, but did not noticeably alter the pattern of 

phalloidin staining (Figure 12E). This is consistent with our observation that Par-4 

expression alters the phosphorylation of cytoskeletal proteins and with the published 

finding that Par-4 can localize to the actin cytoskeleton (140).  

We previously showed that Par-4 expression in recurrent tumor cell lines induces 

multinucleation due to cytokinesis failure (99). Because microtubule-targeting drugs 

work in part by disrupting mitosis, we hypothesized that Par-4 expression may sensitize 

cells to these drugs by potentiating their mitotic defects. To evaluate this, we used time-

lapse imaging to quantify the frequency of mitotic defects in chemotherapy-treated cells 

in the presence or absence of Par-4 expression. Cells were labeled with H2B-mCherry to 

visualize their nuclei and then treated with Shld1, vincristine, or both Shld1 and 

vincristine, and imaged over 18 hours. Analysis of 60 mitoses in each treatment showed 

that while Par-4 re-expression and vincristine alone each induced mitotic defects in a 

subset of cells, the combination induced defects in >90% of cell divisions (Figure 12F).  
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Figure 12: Re-expressed Par-4 localizes to actin filaments, alters phosphorylation of 
MARCKS and cooperates with microtubule-targeting drugs to induce mitotic 
defects (A-B) Raw data from label-free liquid chromatography-tandem mass 
spectrometry analysis showing the intensity of MARCKS S160 phosphopeptide in 
vehicle and shld1-treated recurrent tumor cell line 1(A) and quantification of relative 
intensity for the S160 phosphorylation (B). (C-D) Raw data from label-free liquid 
chromatography-tandem mass spectrometry analysis showing the intensity of MARCKS 
S156 and S160 phosphopeptides in vehicle and shld1-treated recurrent tumor cell line 1 
(C) and quantification of relative intensity for the S156 and S160 phosphorylation events 
(D). (E) Immunofluorescence staining for Par-4 (green) and phalloidin staining to 
visualize F-actin (red) in recurrent tumor cell line 1 transduced with retrovirus expressing 
Par-4 for 48 hours. Arrows indicate cells expressing Par-4, and arrowheads show cells 
not expressing par-4. Images were captured at 63X magnification.  (F) Quantification of 
abnormal mitoses in cells from recurrent tumor cell line 2, treated with vehicle, 100 nM 
shld1, 10 nM vincristine, or with shld1 and vincristine together, as determined by live 
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microscopy. P values were determined by 1-way ANOVA and Tukey’s post-hoc analysis 
and are shown as compared with vehicle. Error bars denote mean ± SEM. ** P<0.01,  
***P<0.001. 

2.3 Discussion 

In the current study, we explored the mechanism and functional significance of 

Par-4 downregulation in recurrent tumors. We found that Par-4 downregulation is 

associated with the epithelial-to-mesenchymal transition (EMT): inducing EMT through 

TGF-β treatment in primary tumor cells is accompanied by Par-4 suppression, while 

reversing EMT in recurrent tumor cells leads to Par-4 upregulation. We identified Twist 

as the transcription factor that mediates this silencing. Twist binds directly to the Par-4 

promoter, where it induces epigenetic silencing of Par-4 through induction of a unique 

bivalent chromatin configuration with both active and repressive histone modifications. 

This bivalent configuration confers plasticity on the Par-4 promoter, and Par-4 can be re-

expressed through pharmacologic targeting of histone modifying enzymes. Functionally, 

re-expression of Par-4 sensitizes recurrent tumor cells to cytotoxic chemotherapy, and 

this may be mediated through alterations in protein phosphorylation at the actin 

cytoskeleton. Taken together, these results suggest that Par-4 silencing promotes 

chemoresistance in recurrent breast cancers that have undergone EMT.  

The emergence of recurrent tumors is frequently associated with chemotherapy 

resistance, and several lines of evidence suggest that EMT may functionally link 

recurrence and chemoresistance. The findings we present here offer a mechanistic 

explanation for this relationship. We previously found that Par-4 downregulation 

promotes breast cancer recurrence; we show here that Par-4 downregulation is mediated 
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through EMT and represents one mechanism by which recurrent tumors acquire 

chemoresistance.  This suggests that recurrent tumors that arise following EMT are 

inherently resistant to chemotherapy, due in part to the fact that they have silenced Par-4. 

Our results also uncover a novel mode of epigenetic silencing induced by EMT. 

The mechanism by which EMT induces epigenetic silencing of E-cadherin has been 

extensively studied, and involves complete and permanent silencing through acquisition 

of repressive histone marks and DNA methylation. In contrast, Par-4 silencing by EMT is 

partial, reversible, and mediated through acquisition of a bivalent chromatin 

configuration. Specifically, Par-4 silencing in recurrent tumor cells and in Twist-

expressing primary tumor cells is associated with maintenance of H3K4me3, in contrast 

to the E-cadherin promoter which loses H3K4me3. The basis for the difference between 

Par-4 and E-cadherin silencing remains unknown. One possibility is that the H3K4 

demethylase LSD1, which has been shown to be involved in E-cadherin silencing (115), 

may not be recruited to the Par-4 promoter during EMT. Regardless of the mechanism, 

the different modes of silencing have functional implications. Par-4 silencing can be 

rapidly reversed with drugs targeting epigenetic enzymes, including the FDA-approved 

HDAC inhibitors vorinostat and romidepsin, suggesting that therapeutic approaches to 

chemosensitize tumors by re-expressing Par-4 may be achievable. The prevalence of 

bivalent promoters has been shown to increase in treatment-resistant ovarian cancers 

(141) as well as in tumors that undergo EMT (142), suggesting that promoter bivalency is 

a common mode of gene regulation in both drug resistance and EMT. It is important to 

note that there may be other mechanisms by which Par-4 can be silenced in recurrent 
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tumors. In this regard, it will be informative to analyze additional recurrent tumors – and 

recurrent tumors arising in distinct models – to determine whether a bivalent chromatin 

configuration at the Par-4 promoter is a general feature of relapsed tumors. 

Our mechanistic studies suggest that Par-4 may promote cell death in response to 

chemotherapy by altering protein phosphorylation at the cytoskeleton. A number of 

commonly used chemotherapies, including taxol and vincristine, target the cytoskeleton. 

In addition, the role of the cytoskeleton in the response and resistance to chemotherapies 

has been well established. Our results suggest that Par-4 alters the phosphorylation of a 

number of cytoskeleton-associated proteins, including Stathmin, Marcks, and others, that 

have been implicated in chemotherapy resistance (49-53). Par-4 has been shown to 

recruit a binding partner, ZIPK, to the actin cytoskeleton (107). Our results expand upon 

this by suggesting that Par-4 binds to the phosphatase PP1, localizes near actin filaments, 

and alters the phosphorylation of actin-associated proteins. Future work will be required 

to determine if Par-4 re-localizes PP1 to the actin cytoskeleton, and whether PP1 is 

required to mediate phosphorylation changes observed following Par-4 expression. 

Finally, it is important to note that Par-4 has been shown to promote cell death by 

inhibiting a number of survival pathways, including bcl-2 and Akt (143,144), and our 

results do not exclude a role for these pathways in mediating the function of re-expressed 

Par-4 in recurrent tumors.  

 In conclusion, our results identify Par-4 silencing as a potential targetable 

link between EMT and chemoresistance in recurrent breast cancer, and suggest a novel 

mechanism for Par-4 function in promoting death in response to chemotherapy. These 
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results suggest that approaches to upregulate Par-4 by reversing its silencing may re-

sensitize tumors to chemotherapy, improving the survival of patients with recurrent breast 

cancer. 

2.4 Methods and Materials 

2.4.1 Cell lines and reagents 

Three primary (primary #1, primary #2, and primary #3) and four recurrent 

(recurrent #1, recurrent #2, recurrent #3, and recurrent #4) tumor cell lines were 

generated as described previously (99). Briefly, primary and recurrent tumors were 

excised from MTB;TAN mice and minced into small chunks. Tumor chunks were 

digested with warmed digestion buffer containing 300 U/mL collagenase (StemCell) and 

100 U/mL hyaluronidase (StemCell) at 37°C for 4 hours. Cells were resuspended in 

Dispase II (5 mg/mL) and DNase I (100 µg/mL) and filtered before plating. All cell lines 

were maintained in DMEM and supplemented with 2mM L-glutamine, 100 units/mL 

penicillin-streptomycin, 10% super calf serum, 10 ng/mL EGF and 5µg/mL insulin. 

Primary cell lines #1 & #2 were additionally supplemented with 2 µg/mL doxycycline, 5 

µg/mL prolactin, 1 µM progesterone and 1 µg/mL hydrocortisone. All cells were grown 

in a humidified incubator at 37°C with 5% CO2. Primary tumor cell lines exposed to 

TGF-β (10 ng/ml; R&D Systems) were grown for at least 14 days, until morphological 

evidence of EMT by brightfield microscopy, before analysis. Recurrent tumor cells 

expressing L106P-Par-4 or L106P-YFP were previously described (99). Cells were 

treated with Shld1 at 300 nM except where indicated to induce Par-4 expression. 
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The following drugs were used: 5-Aza-2’-deoxycytidine (Sigma), SAHA 

(vorinostat; Sigma), vincristine (Tocris), docetaxel (Tocris), romidepsin (Selleck 

Chemicals), EPZ-6438 (Selleck Chemicals), and Shld1 (Clontech). Drugs were 

solubilized per manufacturer recommendations and utilized at concentrations stated 

within the text. Matching vehicle controls were used for each experiment.  

 

2.4.2 Cell viability assays 

For chemosensitization experiments, recurrent cell line #2 expressing L106P-Par-

4 or L106P-YFP were plated at 40,000 cells / well in triplicate on each of three 12-well 

plate designated for 1, 3 or 5 days treatment.  Six wells were used for cell counting, while 

the remaining six wells were analyzed by crystal violet staining. Once cells attached, 

media was replaced with either 300 nM Shld1 or ethanol (vehicle control) for 16 hours 

before chemotherapeutic drugs were added (vincristine, 8 nM; docetaxel, 20 nM; or 

untreated). Cell number for each time-point was determined by counting cells on a 

hemocytometer. The remaining wells were incubated with 0.5% crystal violet for 5 

minutes, rinsed and imaged by a scanner. For colony formation assays, 1,500 cells from 

either L106-YFP or L106P-Par-4 recurrent tumor cell line #2 were plated on 10 cm plates 

and treated with 10 nM vincristine, 10 nM docetaxel, or vehicle control, and either 100 

nM Shld1 or ethanol vehicle. Plates were analyzed after 8 days by crystal violet staining. 

For concentration response curves, recurrent cell line #1 expressing L106P-Par-4 

was plated on a 96-well plate at 2,500 cells/well in triplicate. Cells were allowed to grow 

for 16 hours in the presence of 300 nM Shld1 or ethanol before treatment with varying 
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doses of chemotherapeutic drugs for 60 hours. Cell viability was determined using 

CellTiterGlo kit (Promega) according to manufacturer instructions. Concentration 

response curves were plotted in GraphPad Prism 7 software.  

 

2.4.3 Plasmids, viral transduction, and epigenome editing 

A retroviral construct encoding Twist was obtained from Robert Weinberg 

(Whitehead Institute, Cambridge, MA; Addgene #1783). To generate a retroviral 

construct encoding Snail, we PCR amplified Snail from the expression vector p3xFLAG-

mSnail (a gift from Celeste Nelson, Princeton University, Princeton, NJ; Addgene 

#34583) and cloned it into pBabe-puro (Robert Weinberg, Whitehead Institute, 

Cambridge, MA; Addgene #1764) using the following primers: Forward, 5’-

GTTAGGATCCATGGACTACAAAGACGATGACGACAAGCCGCGCTCTTTCCTG

GTCAG-3’; Reverse, 5’-GTTAGAATTCTCAGCGAGGGCCTCCGGAGC-3’. A 

plasmid expressing dominant-negative IkB (pCMX-IkB-alpha-M) was a gift from Inder 

Verma (Salk Institute, La Jolla, CA; Addgene #12329). 

 To re-express Par-4 in recurrent tumor cells we used an epigenetic editing 

approach (132). Cells were transduced with a catalytically dead Cas9 protein fused to the 

catalytic core of histone acetyltransferase p300 (dCas9-p300, a gift from Charles 

Gersbach, Duke University, Durham, NC). sgRNAs targeting the region of the Par-4 

promoter that is hypo-acetylated in recurrent tumors were cloned into pLX-sgRNA (a gift 

from Eric Lander and David Sabatini, Whitehead Institute, Cambridge, MA; Addgene 

#50662). The sgRNAs used are shown in Table 2. For Par-4 overexpression, we infected 
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recurrent tumor cells for 48 hours with a retroviral vector expressing wild-type Par-4 

prior to immunofluorescence staining (99). 

Retrovirus was produced by transfecting Amphophoenix packaging cells with the 

retroviral expression construct (National Gene Vector Biorepository). Lentivirus was 

produced by transfection of HEK293T cell line with psPAX2 and pMDG.2 (gifts from 

Didier Trono, EPFL, Lausanne, Switzerland; Addgene #12559 and 12660) and the 

lentiviral expression construct. Viral supernatant was collected 48 and 72 hours post-

transfection, filtered and used to transduce target cells in the presence of 4 µg/mL 

polybrene (Sigma).  Cells were selected in selection media containing puromycin (2 

µg/mL for primary tumor cells; 4 µg/mL for recurrent tumor cells). 

 

2.4.4 Western blotting and quantitative RT-PCR 

Western blotting was performed as previously described (99). Primary and 

secondary antibodies used in this study are shown in Table 2. Membranes were imaged 

using a Li-Cor Odyssey infrared imaging system and analyzed in ImageStudio Lite 

software (Li-Cor Biosciences). 

RNA was extracted using the RNeasy kit (Qiagen) and cDNA was synthesized 

using the ImProm-II Reverse Transcription System (Promega). Expression levels of 

genes were assessed by qPCR on a CFX384 Touch Real-Time PCR Detection System 

(Bio-rad) using the Taqman probes shown in Table 2. Tbp and Actb were used as 

normalization controls. 
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2.4.5 Chromatin immunoprecipitation  

Cells were fixed in 1% ChIP-grade formaldehyde (Sigma) for 10 minutes, 

crosslinking was quenched with 250 mM glycine, and then cells were harvested and 

pelleted by centrifugation. RIPA lysis buffer containing HALT protease inhibitors was 

added and cells were incubated for 15 minutes with frequent vortexing. Samples were 

sonicated and DNA was sheared to an average length of ~250-450 bp. Lysates were pre-

cleared with Protein A/G beads (Santa Cruz) blocked with salmon sperm (Ambion) and 

ChIP-grade BSA (New England BioLabs). Purified sheared DNA was 

immunoprecipitated overnight at 4°C with 5 µg of primary antibody or isotype-control 

rabbit and mouse IgG (5 µg of each mixed together). Antibodies used are shown in Table 

2. Immunoprecipitated DNA was purified with protein A/G beads and washed 

sequentially with wash buffers. DNA was eluted from washed beads and reverse cross-

linked with concentrated NaCl overnight at 65°C. After reverse crosslinking, proteins 

were digested with proteinase K (Sigma) and EDTA and DNA was purified using PCR 

purification columns (Qiagen). All qPCR reactions were carried out with SYBR green 

(Bio-Rad) using primers shown in Table 2. Control regions of the genome were also 

evaluated, and included the Actb promoter and a gene desert located on chromosome 12 

(both primer pairs purchased from ActiveMotif). Ct values for immunoprecipitated DNA 

were normalized to input DNA. For Twist ChIP, DNA was normalized to input and 

expressed as fold-enrichment over isotype control.   
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2.4.6 Chip-Seq analysis 

Following immunoprecipitation, DNA was quantified using the fluorometric 

quantitation Qubit 2.0 system (ThermoFisher Scientific) and fragment size confirmed 

with Agilent Tapestation. DNA libraries were prepared using Kapa BioSystem 

HyperPrep Library Kit for compatibility with Illumina sequencing. Unique indexes were 

added to each sample. Resulting libraries were cleaned using SPRI beads, quantified with 

Qubit 2.0 and Agilent Bioanalyzer, and pooled into equimolar concentrations. Pools were 

sequenced on Illumina Hiseq 4000 sequencer with 50 bp single reads at a depth of ~55 

million reads per sample.  Fastq reads underwent strict quality control processing with the 

TrimGalore (145) package to remove low quality bases and trim adaptor sequences. 

Reads passing quality control were mapped to mm10 version of the mouse genome using 

the Bowtie short read aligner (146). Duplicate reads were filtered and peaks were called 

with the MACS2 peak-calling algorithm using default parameters, except for H3K27me3 

peaks which were called using ‘broad peak’ settings (147). Bam files were converted into 

Bigwig format by binning reads into 100bp segments. Images were generated in IGV 

desktop viewer. 

 

2.4.7 Bisulfite sequencing 

Bisulfite sequencing was performed using the EpiTect Bisulfite Kit (Qiagen). 

Briefly, genomic DNA from two primary and two recurrent tumor cell lines was bisulfite-

treated according to manufacturer instructions. Target regions of interest were PCR 

amplified using primers shown in Table 2. Amplified DNA was gel purified and 
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transformed into bacteria. Ten independent bacterial colonies were sequenced per cell 

line for both Par-4 and E-cadherin. DNA sequences were aligned to normal DNA 

sequences using DNASTAR MegAlign software. 

 

2.4.8 Immunofluorescence 

Cells were plated onto poly-D-lysine coated coverslips (Neuvitro). Cells were 

fixed in 4% paraformaldehyde, permeabilized with 0.5% fresh Triton-X100 (Sigma) and 

blocked with 3% BSA (Fisher) containing 10% normal goat serum (Invitrogen). 

Coverslips were incubated overnight at 4°C in 3% BSA buffer containing primary 

antibodies. The next day, coverslips were washed and incubated with secondary 

antibodies. Following secondary antibody incubation, cells to be stained for actin 

filaments were exposed for 20 minutes to AlexaFluor® 568-phalloidin conjugate 

(Thermo). Coverslips were mounted in ProLong Gold Antifade DAPI suspension and 

dried overnight at room temperature. Images were captured on a Leica SP5 inverted 

confocal microscope. Primary antibodies used in this study are shown in Table 2. 

Secondary antibodies were obtained from Thermo and included AlexaFluor® 488 (goat 

anti-rabbit), AlexaFluor® 647 (goat anti-mouse), AlexaFluor® 568 (goat anti-rabbit), and 

AlexaFluor® 488 (goat anti-mouse).  

 

2.4.9 Live cell microscopy 

Recurrent tumor cell line #2 was infected with lenti-H2B-mCherry to visualize 

nuclei and 100,000 cells were plated on 6-well, no. 1.5 coverslip, 14mm diameter, plates 
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(MatTek) pre-coated with Poly-D-lysine (Millipore Sigma). Following cell adhesion, 

wells were treated with either vehicle or 100 nM Shld1 for 16 hours prior to treatment 

with 10 nM vincristine or vehicle control. Immediately following vincristine treatment, 

plates were placed in a live cell imaging station (Zeiss Axio Observer) heated to 37°C 

and with 5% CO2. Phase contrast and fluorescent images were taken every 5 minutes for 

18 hours at three unique areas within each well. Images were recorded at 10x 

magnification. For analysis, twenty cellular divisions, as determined by H2B-mCherry 

localization, were counted for all three videos in each well and percentage of abnormal 

mitoses averaged. An abnormal division was defined as a mitosis lasting longer than 1 

hour (between pro-metaphase through abscission), a mitosis resulting in binucleation, or 

a mitosis ending with morphological signs of cell death.  

 

2.4.10 In vivo chemosensitivity 

Recurrent tumor cells expressing dCas9-p300 plus a sgRNA targeting a control 

region (AAVS) or the Par-4 promoter (sgPar-4#1 or sgPar-4#2) were orthotopically 

injected into the inguinal (#4) mammary gland of 6-week old nude mice. A separate 

cohort of mice was injected with primary tumor cell lines. Once tumors achieved a size of 

~75 mm3, mice were initiated on treatment. Mice were divided into untreated (n=3 per 

cohort, total n=9) or treated (n=10 per cohort, total n=30) groups. Treated mice received 

2 mg/kg intraperitoneal doxorubicin (Adriamycin) and 80 mg/kg intraperitoneal 

cyclophosphamide injections twice weekly for two weeks followed by 10 mg/kg 

paclitaxel twice weekly for two weeks. All chemotherapeutic agents were obtained from 
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the Duke University Hospital pharmacy. Tumor size was measured with calipers three 

times per week until tumors reached ~1,800 mm3. Tumor tissues from sacrificed mice 

were excised and flash frozen for downstream protein and mRNA analysis. Kaplan-Meier 

survival curves were generated for time until tumors reached study endpoint (volume of 

~1,800mm3). Tumor volume was calculated using the equation ((π x L x W2) / 6), Tumor 

AUC was calculated using the equation [(vol1 + vol2)/2] x (day2 - day1), and mean growth 

rate was determined by (AUC-(vol1*dayAUC))/(dayAUC
2) . Tumor burden was compared 

among treated groups by one-way ANOVA analysis followed by Tukey’s post-hoc 

analysis. Graphs were generated in GraphPad Prism 7. 

2.4.11 Proteomics 

Total Proteome and Phosphoproteome Analysis by Mass Spectrometry. Cell 

pellets were lysed in 8M Urea with 50 mM ammonium bicarbonate, normalized to 

protein content using a Bradford assay, reduced with DTT, alkylated with iodoacetamide, 

and digested with trypsin. After digestion, samples were desalted with C18 SPE then split 

such that approximately 10 ug was set aside for total proteome analysis and the remainder 

was resuspended in glycolic acid and enriched for phosphopeptides using titanium 

dioxide enrichment. Both the total proteome and phosphoproteome were independently 

analyzed using label-free differential expression LC-MS/MS on a nanoACQUITY UPLC 

system (Waters) coupled to a QExactive Plus high resolution accurate mass tandem mass 

spectrometer (Thermo). Data analysis was performed in Rosetta Elucidator with Mascot 

search engine. Mass Spectrometry Analysis of the Par-4 Interactome. After 

immunoprecipitation was complete, samples were diluted with 4x LDS loading buffer 
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and reduced with DTT at 70°C for 10 minutes. Subsequently samples were run into a 1.5 

mm Bis/Tris gel only 3 minutes at 200V and stained with colloidal Coomassie to allow 

for protein quantity estimation and in-gel trypsin digestion. The gel piece containing the 

protein was extracted with a scalpel then destained and in-gel digestion was performed 

using a standardized protocol (https://genome.duke.edu/sites/genome.duke.edu/files/In-

gelDigestionProtocolrevised_0.pdf). Each tryptic digest was analyzed using LC-MS/MS 

on a nanoACQUITY UPLC system (Waters) coupled to a QExactive Plus high resolution 

accurate mass tandem mass spectrometer (Thermo) operating in Top10 DDA mode. Files 

were processed in Proteome Discover 1.4 (Thermo), searched on Mascot Server v2.5 

(Matrix Sciences) using the Uniprot reviewed database with either human or mouse 

taxonomy. Data curation was performed in Scaffold v4 (Proteome Software, Inc). 

Volcano plot to visualize phosphopeptides enrichment was produced in R (v3.3.3) 

with ‘ggplot2’ ‘ggrepel’ and ‘dplyr’ packages. Genes considered significant (p-

value<0.05 and log2 fold-change > 1) were analyzed by gene ontology and dotplot was 

produced in R with ‘clusterProfiler’ (148) and ‘ReactomePA’ (149) packages. 

2.4.12 Statistics 

For western blots, a single experiment is shown that is representative of results 

from at least two, independent experiments. For gene expression assays, results from a 

single representative experiment are shown as the mean +/- SEM. For statistical 

comparisons between two groups, we used a two-tailed Student’s t-test. For comparisons 

among multiple groups, we used a one-way ANOVA with Tukey’s post-hoc analysis, 

except where indicated. Differences in Kaplan-Meier survival curves were tested with 
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Mantel-Cox log-rank test. A p-value < 0.05 was considered significant, and p-values are 

denoted as *p<0.05, **p<0.01, ***p<0.001. Graphs were generated in GraphPad Prism7, 

except where indicated. 

2.4.13 Study approval 

Animal care and all animal experiments were performed with the approval of, and 

in accordance with, Duke University IACUC guidelines.  

 

Table 2: Additional methods and materials for epigenetic silencing of tumor 
suppressor Par-4 promotes chemoresistance in recurrent breast cancer 

Antibodies 

Antibody Source Application Catalog Dilution 

Par-4 Cell Signaling WB ; IF #2328 1:1000 (WB) ; 1:100 

(IF) 

E-cadherin Cell Signaling WB ; IF #14472 1:1000 (WB) ; 1:100 

(IF) 

Vimentin Cell Signaling WB ; IF #5741 1:1000 (WB) ; 1:100 

(IF) 

Snail Cell Signaling WB #3879 1:1000 

Cas9 Cell Signaling WB #14697 1:1000 

IκBα Cell Signaling WB #4814 1:1000 

Phospho-IκBα 

(S32) 

Cell Signaling WB #2859 1:1000 
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α-tubulin Santa Cruz WB #8035 1:2000 

Twist Abcam WB ; ChIP #50887 1:250 (WB) ; 5µg 

(ChIP) 

GAPDH Sigma WB #8795 1:1000 

FLAG Sigma WB #1804 1:1000 

RNApol2 Abcam ChIP #817 5µg 

H3K9ac Abcam ChIP #4441 5µg 

H3K9me2 Abcam ChIP #1220 5µg 

H3K27me3 Abcam ChIP #6002 5µg 

H3K4me3 Abcam ChIP #8580 5µg 

H3K27ac Abcam ChIP #4729 5µg 

Mouse IgG 

control 

Abcam ChIP #18392 5µg 

Rabbit IgG 

control 

Abcam ChIP #17187

0 

5µg 

AlexaFluor® 

488 (anti-rabbit) 

Life 

Technologies 

IF A11034 1:1000 

AlexaFluor® 

647 (anti-

mouse) 

Life 

Technologies 

IF A21236 1:1000 

AlexaFluor® Life IF A11036 1:1000 
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568 (anti-rabbit) Technologies 

AlexaFluor® 

488 (anti-

mouse) 

Life 

Technologies 

IF A11029 1:1000 

AlexaFluor 680 

(anti-rabbit) 

Life 

Technologies 

WB A21076 1:5000 

IRDye® 

800CW (anti-

mouse) 

LiCor WB 926-

32210 

1:5000 

Bisulfite sequencing primers 

Par-4 Forward 5’-GTTTATTTGGATAATTTTTATTTT-3’ 

Par-4 Reverse 5’-CTACCACCTATATACACAACTCCCC-3’ 

E-cad Forward 5’-GTTAGAGTATAGTTAGGTTAGGA-3’ 

E-cad Reverse 5’-CTACRACACCRAACRCCCA-3’ 

ChIP-qPCR primers 

Par-4 Forward 5’-CTCCGGCAAGTCACAACTTT-3’ 

Par-4 Reverse 5’-CCCCTCTCTCTCCTCACTCC-3’ 

E-cad Forward 5’-AGACAGGGGTGGAGGAAGTT-3’ 

E-cad Reverse 5’-ACCAGTGAGCAGCGCAGAG-3’ 

Par-4 re-expression sgRNAs 

sgPar-4/1 5’-CTCTGAGTGCGATTCCCGGG-3’ 
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sgPar-4/2 5’-TCAGGCCGGCGAGTTTGCCG-3’ 

Taqman gene expression probes 

Name Catalog 

Pawr Mm01228147 

Erbb2/Her2 Rn00566561 

Cdh1 Mm01247357 

Vim Mm01333430 

Snai1 Mm00441533 

Twist1 Mm00442036 

Bcl2 Mm00477631 

Ccl5 Mm01302427 

Vcam1 Mm01320970 

Mmp2 Mm00439489 

Mmp9 Mm00442991 

Mmp13 Mm00439491 

Tbp Mm00446971 

Actb Mm02619580 
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3. Epigenome Remodeling in Recurrent Breast Cancer Promotes Recurrent Breast 
Cancer and Confers Sensitivity to G9a Histone Methyltransferase Inhibitors. 

Please note that portions of text in the introduction and in this chapter is adapted 

from the manuscript Epigenome Remodeling in Recurrent Breast Cancer Promotes 

Recurrent Breast Cancer and Confers Sensitivity to G9a Histone Methyltransferase 

Inhibitors currently in revision at the Journal of Experimental Medicine. The authors on 

this manuscript include Nathaniel Mabe, Shayna Wolery, Ryan Meingasner, Brittany 

Vilona, Ryan Lupo, and James Alvarez. All work described herein was conducted and 

analyzed by Nathaniel Mabe. Ryan Lupo  assisted with generation of mouse model data. 

Shayna Wolery assisted with the small-molecules screen, generated p53 KO recurrent 

tumor cells, evaluated the contribution of p53 KO on BIX-mediated cell death, and 

assisted with assessing the effect of p53 KO on TNF/pMLKL signaling. Brittany Vilona 

and Ryan Meingasner assisted with the small-molecules screen and assessing the 

sensitivity of human breast cancer cell lines to G9a inhibition. 

3.1 Background 

3.1.1 G9a histone methyltransferase 

G9a, also known as Euchromatic Histone-Lysine N-Methyltransferase-2 

(EHMT2), is a histone methyltransferase that heterodimerizes with closely related protein 

G9a-like protein (GLP) to catalyze the mono- and dimethylation of H3K9 (150). G9a 

localizes to euchromatin regions, whereby methylation of H3K9 promotes repression of 

active promoters and formation of heterochromatin. Structurally, G9a contains a SET 
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domain, which utilizes S-adenosylmethione (SAM) to deposit methyl groups on lysine 

substrates and ankryin repeats that serve as a scaffold to recruit additional repressive 

histone modifiers (151). While G9a and GLP have the same substrates, these proteins are 

non-redundant, and loss of one protein leads to destabilization of the partner protein and 

loss of catalytic activity. Therefore, the G9a/GLP complex will be referred to as G9a. 

Although traditionally considered a histone methyltransferase, G9a also 

methylates non-histone proteins. During hypoxic responses, G9a accumulates and 

methylates chromatin-remodeling complexes reptin (152) and pontin (153), which 

modulates the recruitment of epigenetic chromatin remodelers to HIF1α responsive 

elements. These events contribute to cell survival in response to hypoxic stress. 

Furthermore, G9a has been shown to methylate K373 in the regulatory region of human 

p53, and is suggested to repress its transcriptional activity (154). G9a has also been 

shown to methylate Wiz, Cdyl1, Hdac1, and Dnmt1 (155).  

G9a overexpression has been found in varying cancers including esophageal, 

hepatocellular (156), lung (157), brain (158), and ovarian (159) cancers. Moreover, G9a 

overexpression is correlated with poor prognosis in pancreatic (95) and lung (160) 

cancers. G9a’s role in tumorigenesis may be mediated through repression of tumor 

suppressors, such as Cdh1 (80), Dusp5 (159), Spyr4 (161) in addition to modulation of 

p53 and HIF1α pathways. Furthermore, co-administration of a G9a inhibitor with 

gemcitabine overcomes treatment resistance in pancreatic cancer (95), suggesting G9a 

plays diverse and functionally important roles in oncogenesis. 
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3.2 Results 

3.2.1 Tumor recurrence is associated with widespread epigenetic remodeling.  

To gain insight into epigenetic changes associated with tumor recurrence, we 

derived cell lines from three primary and five recurrent tumors arising in MTB;TAN 

mice (99,102). Prior work in several models has shown that Met amplification is a 

common genetic escape mechanism following oncogene withdrawal (101,162), and so we 

first characterized whether these primary and recurrent tumor cells exhibit Met 

amplification. Copy number analysis revealed that while none of the primary tumor cells 

had Met amplification, 2/5 recurrent tumor cells had amplified Met between 5- and 15-

fold (Figure 13A). Met transcript levels followed the same pattern (Figure 13B). We 

reasoned that in recurrent tumor cell lines #1-3, which lack Met amplification, epigenetic 

reprogramming may contribute to tumor recurrence.  

 

Figure 13: Recurrent tumors demonstrate Met-dependent and independent 
mechanisms of recurrence (A) Copy number analysis for Met in primary (n=3) and 
recurrent (n=5) cells. Data are shown relative to recurrent cell line #1. (B) qPCR analysis 
for Met expression in primary tumor, non-Met, and Met-amplified recurrent tumor cells. 

To characterize epigenetic alterations in these tumors, we performed genome-

wide ChIP-sequencing on primary cells (#1 and #2), and recurrent tumor cells (#1, #2 and 

#3). We evaluated histone marks H3K9ac and H3K4me3, which are commonly localized 
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to actively transcribed genes, and the repressive histone mark H3K27me3, which is found 

at repressive heterochromatin (163). RNA polymerase II (RNApol2) was included to 

mark actively transcribed genes. Global analysis showed that each of the histone marks, 

as well as RNApol2, was enriched at the promoter and the transcription start site of active 

genes, as was expected based on their reported localization (Figure 14A). To evaluate 

specific epigenetic alterations between primary and recurrent tumor cohorts, we 

performed differential binding (DiffBind) analysis for each histone modification and 

RNApol2. There was an increased number of unique peaks for H3K4me3, H3K9ac, and 

H3K27me3 marks in the recurrent tumor cells, while there was no difference in the 

number of unique RNApol2 peaks between primary and recurrent cells (Figure 14B). 

While most differentially-enriched peaks were found at active gene regulatory elements, 

an increased number of unique peaks for H3K4me3, H3K9ac and H3K27me3 in 

recurrent cell lines were located in intergenic regions (more than 3 kb away from gene 

promoter regions; Figure 14C). Within these intergenic peaks in recurrent tumor cell 

lines, ~33% showed enrichment for at least two active marks (Figure 14C). Intergenic 

localization of H3K9ac (164), H3K4me3 (165) and RNApol2 (166) has been described at 

enhancer or regulatory features on DNA, suggesting that co-localizations of these marks 

observed may be indicative of altered chromatin structure  in recurrent tumor cells (167).  

We next compared the enrichment of these marks at individual genes between 

primary and recurrent tumor cells. One group of genes was epigenetically repressed in 

recurrent tumor cells. The promoters of these genes had elevated enrichment of H3K9ac, 

H3K4me, and RNApol2 and decreased enrichment of H3K27me3 in primary tumor cells 
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compared to recurrent tumor cells (Figure 14D). Conversely, genes that were 

epigenetically activated in recurrent tumor cells displayed the opposite pattern, with 

elevated H3K9ac, H3K4me, and RNApol2 and decreased H3K27me3 peaks (Figure 

14D). Taken together, these results indicate that tumor recurrence is associated with 

genome-wide epigenetic remodeling. 
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Figure 14: Tumor recurrence is associated with widespread epigenetic remodeling 
(A) ChIP-seq enrichment plots for H3K4me3, H3K9ac, H3K27me3, and 

RNApol2 signal is ±1.5 kb relative to the transcriptional start site (TSS) and 
transcriptional end site (TES) for all genes. (B) Venn diagrams showing the number of 
ChIP-seq peaks unique to primary and recurrent tumors. The total number of peaks 
identified for each mark is indicated. (C) Pie charts showing the genomic distribution of 
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unique ChIP-seq peaks in primary and recurrent cells. Promoters are defined as peaks 
within 3 kb of the TSS. (D) Heatmap showing enrichment for active (H3K4me3 and 
H3K9ac) and repressive (H3K27me3) histone marks at the top 100 differentially 
RNApol2-bound genes in primary (left) and recurrent (right) tumor cell lines. Each row 
represents a gene promoter. 

3.2.2 Tumor recurrence is associated with transcriptional rewiring. 

Histone modifications are closely linked to the regulation of gene transcription. 

We reasoned that the genome-wide alterations in histone modifications between primary 

and recurrent tumor would be associated with transcriptional rewiring. To address this, 

we performed RNA-sequencing on two primary tumor cell lines (#1 and #2) and two 

recurrent tumor cell lines (#1 and #3) (Figure 15A). Primary and recurrent tumors 

exhibited global differences in gene expression; recurrent cells had 1,395 significantly 

altered genes, and primary tumor cells had 2,966 significantly altered genes (log2 fold 

change > 1) (Figure 15A). Consistent with this, recurrent and primary tumor cell lines 

clustered into distinct groups by principal component analysis (Figure 15B). These results 

show that recurrent tumors exhibit consistent transcriptional alterations, likely driven by 

epigenetic reprogramming. 

To identify specific transcriptional programs altered in recurrent tumors, we 

performed Gene Set Enrichment Analysis (GSEA). Epithelial-to-mesenchymal transition 

(EMT), as we and others have previously described (65,102), as well as two independent 

Myc signatures, were enriched in recurrent tumors (Figure 15C). Interestingly, a recent 

study in triple-negative breast cancers reported that EMT and Myc signatures are 

enriched in drug resistant breast cancers (10). This suggests that the expression profile of 

recurrent MTB;TAN tumors resembles that of chemoresistant tumors. Taken together, 
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genome-wide sequencing analyses indicate that recurrent tumors undergo extensive 

epigenetic remodeling, leading to transcriptional alterations that resemble those found in 

drug-resistant breast cancers.  

 

Figure 15: Tumor recurrence is associated with transcritional rewiring (A) Heatmap 
showing unsupervised hierarchical clustering of 14,347 genes analyzed by RNA-
sequencing for two primary and two recurrent tumor cell lines. Samples were performed 
in biological duplicate. Genes were median-centered and Z-score normalized within 
rows. (B) Principal Component Analysis of RNA sequencing from (A). (C) Gene 
Ontology analysis showing significantly enriched pathways in recurrent tumor cells. 

3.2.3 Recurrent tumor cells are dependent on G9a methyltransferase activity  

In light of the reported links between epigenetic remodeling and drug resistance 

(51,168), we hypothesized that epigenetic remodeling may be functionally important for 

the survival and recurrence of tumor cells following oncogene withdrawal. Specifically, 

we reasoned that tumor cells that persist following oncogene withdrawal may acquire 

unique epigenetic dependencies that are not present in the primary tumors. To explore 
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this hypothesis, we carried out a chemical genetic screen testing the effect of inhibitors 

targeting various epigenetic enzymes on primary and recurrent tumor cell viability (Table 

3). Two primary (primary #1 and primary #2) and two recurrent (recurrent #1 and 

recurrent #2) tumor cell lines were treated with increasing doses of each inhibitor and cell 

viability was measured (Figure 16A).  

Table 3: List of epigenetic inhibitor targets 

Epigenetic Target 

DNA 

methyltransferase 

Protein arginine 

demethylases 

BAZ2A/B 

BRD4 P300/CREB SMARCA 

SIRT2 JMJD2 PHD1/2 

O6-methylguanine 

methyltransferase 

LSD1 BRD2/4 

PARP DOT1L Pan-JMJC 

SET7/9 EZH2 L3MBTL3 

SUV39H1 AURKA G9a 

HDAC4 HDAC5 HDAC1/2 

 

To identify drugs that induce differential cell death between primary and recurrent 

tumor cells, we calculated the difference of IC50 for primary and recurrent tumor cells for 

each drug; values less than 0 correspond to drugs more potent against recurrent tumor 

cells. This analysis identified two drugs that were significantly more potent in recurrent 
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cells, the G9a inhibitor BIX-01294 (IC50 difference=-0.88 [95% CI, -1.23 - -0.543]) and 

the Aurora kinase inhibitor lestaurtinib (IC50 difference= -1.06 [95% CI, -1.47 - -0.665) 

(Figure 16B). No drugs were significantly more potent against primary tumor cells 

(Figure 16B). Because we could not calculate an IC50 for nine compounds, we also 

evaluated the difference in maximal drug efficacy for each inhibitor between primary and 

recurrent cells (Figure 16C). Five drugs were significantly more efficacious in recurrent 

tumor cell lines, including a G9a inhibitor (BIX-01294), a JMJD3 inhibitor (GSKJ1), an 

(EZH2) inhibitor EPZ5687, a DOT1L inhibitor (SGC0946) and an LSD1 inhibitor 

(GSKLSD1) (Figure 16C). No inhibitors were significantly more efficacious in primary 

tumor cell lines (Figure 16C). 

We focused on the G9a inhibitor BIX-01294, as it was among the most potent and 

efficacious inhibitors in recurrent tumor cells as compared to primary tumor cells. As 

described above, G9a is a histone methyltransferase that heterodimerizes with the 

structurally related G9a-like protein (GLP) to catalyze mono- and dimethylation of H3K9 

(169). H3K9me1 and H3K9me2 are associated with transcriptional silencing of genes in 

euchromatin, while H3K9me3 – which is deposited by SUV39 – is associated with 

repressed genes in heterochromatin (170). BIX-01294 inhibits G9a/GLP by competing 

for binding with the amino acids N-terminal of the substrate lysine residue (171). We first 

confirmed that BIX-01294 selectively inhibits recurrent tumor cell growth by additional 

cell viability assays (Figure 16D and E). At high concentrations (> 4µM), BIX-01294 

also inhibits growth of primary tumor cells, possibly due to off-target effects (172). 

Therefore, we tested whether recurrent tumor cells are differentially sensitive to 
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additional G9a inhibitors. Both UNC0638, a substrate-competitive inhibitor (Figure 16F), 

and BRD4770, an S-adenosylmethionine (SAM)-competitive inhibitor (Figure 16G), 

selectively inhibited the growth of recurrent tumor cells.  

To assess whether the effect of these G9a inhibitors on recurrent cell viability was 

mediated through on-target inhibition of G9a, we used CRISPR-Cas9 to knock out G9a in 

primary and recurrent tumor cell lines. Cells were infected with lentivirus expressing a 

control sgRNA targeting the Rosa26 locus (sgNT), or one of two independent sgRNAs 

targeting G9a (sgG9a) (Figure 16H). G9a knockout significantly inhibited the growth of 

recurrent tumor cell lines, while primary tumor cells lines were unaffected (Figure 16I), 

providing genetic confirmation that recurrent tumor cells are dependent on G9a activity. 
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Figure 16: Recurrent tumors are dependent upon G9a histone methyltransferase 
activity (A) Tumor cells derived from primary or recurrent MTB;TAN tumors were 
treated with a panel of small molecule inhibitors targeting epigenetic enzymes. (B) Forest 
plot showing the difference in potency between recurrent and primary tumor cell lines for 
each epigenetic inhibitor. Differences in IC50 values are shown with 95% confidence 
intervals. (C) Heatmap showing the efficacy of each drug at the lowest concentration 
producing maximal cell growth inhibition. Significance between primary and recurrent 
tumor cells was determined by Student’s t-test. (D) Crystal violet staining of primary and 
recurrent tumor cells treated with 2 µM BIX-01294 for 48 hours. (E-G) Concentration 
response curves for primary (black) and recurrent (red) tumor cell lines treated with 
increasing concentrations of BIX-01294 (E), UNC-0638 (F), and BRD4770 (G). (H) 
Western blot analysis for G9a expression following infection one of two independent 
sgRNAs targeting G9a (sgG9a#1 or sgG9a#2), or a non-targeting sgRNA (sgNT), in 
Cas9-expressing primary and recurrent tumor cell lines. (I) Growth curves for control and 
G9a-knockdown primary and recurrent tumor cells. Asterisks denote  significance 
between control and G9a-knockdown cells. Significance was determined by two-way 
ANOVA (time x sgRNA). Error bars denote mean ± SEM. *P-value <0.05, **P-value 
<0.01, ***P-value<0.001. 
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3.2.4 G9a activity is required for tumor recurrence in vivo 

Having established that recurrent tumors are dependent upon G9a activity, we 

next asked whether G9a expression is altered in recurrent tumors. We measured G9a 

expression in an independent cohort of 7 primary and 7 recurrent MTB;TAN tumors. G9a 

has a long isoform (G9a long) and a short isoform (G9a short) generated by alternative 

splicing. Expression of the short isoform is consistently elevated in recurrent tumors 

(Figure 17A), and in recurrent tumor cell lines (Figure 17B). Intriguingly, mRNA levels 

of G9a were not increased in recurrent tumors or recurrent tumor cells (Figures 17C and 

D), suggesting that G9a upregulation in recurrent tumors is not mediated by transcript 

levels. 

The observation that recurrent tumors upregulate G9a and are dependent upon 

G9a activity suggested that G9a may be required for the development of recurrent 

tumors. To test this directly, we used an orthotopic recurrence assay to determine whether 

G9a knockout in primary tumors affects the latency of tumor recurrence. Control or G9a-

knockout cells were injected into the inguinal mammary gland of nude mice on dox to 

generate primary tumors. Primary tumors from control and G9a knockout formed with 

similar kinetics (Figure 17E) and primary tumors maintained G9a knockout (Figure 17F), 

consistent with our findings that G9a knockout does not affect primary tumor cell growth 

in vitro. Once primary tumors reached ~75mm3, dox was withdrawn to induce HER2 

withdrawal and tumor regression and mice were monitored for the formation of recurrent 

tumors. G9a knockout significantly delayed the time to recurrence (P=0.0006, 

HR=0.02(0.08-0.50 for sgG9a#1; P<0.0001, HR=0.06(0.02-0.16) for sgG9a#2) (Figure 
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17G). These data show that G9a is required for tumor recurrence following HER2 

downregulation. 

Finally, we evaluated whether pharmacologic inhibition of G9a can inhibit the 

growth of existing recurrent tumors in vivo. Recurrent tumor cells were injected 

orthotopically into the inguinal mammary glands of nude mice to generate orthotopic 

recurrent tumors, and mice were treated with BIX-01294 (10 mg/kg, IP) three times 

weekly. BIX administration significantly reduced tumor growth and tumor burden 

(Figures 17H and I). Taken together, these results suggest that G9a is required for tumor 

recurrence and suggest that pharmacological approaches to inhibit G9a may be effective 

at preventing or treating recurrent tumors. 
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Figure 17: G9a is required for tumor recurrence and recurrent tumor growth in 
vivo (A) Western blot analysis for G9a expression in primary (n=7) and recurrent (n=7) 
MTB;TAN tumors. (B) Western blot analysis for G9a expression in primary (n=3) and 
recurrent (n=5) tumor-derived cell lines. (C) qPCR analysis for G9a transcripts in 
primary (n=7) and recurrent (n=7) MTB;TAN tumors. Significance was determined by 
Student’s t-test. (D) qPCR analysis for G9a transcripts in primary (n=3) and recurrent 
(n=5) tumor cell lines. Significance was determined by Student’s t-test. (E) Primary 
tumor-free survival of mice injected orthotopically with control or G9a-knockdown 
primary tumor cells (#2). Statistical significance was determined by Mantel-Cox log-rank 
test. (F) Western blot analysis of G9a in primary tumors formed from control or G9a-
knockdown cells. (G) Recurrent tumor-free survival of mice with control tumors or G9a-
knockdown tumors. P values, hazard ratios, and 95% confidence intervals are indicated 
as compared to sgNT. Statistical significance was determined by Mantel-Cox log-rank 
test. (H) Mean tumor growth curves for recurrent tumors treated with vehicle or BIX-
01294 (10mg/kg). Arrows indicate drug treatments. (I) Area under the curve (AUC) 
values for tumor growth curves shown in (F). 



 

 78 

3.2.5 Integrated epigenetic and transcriptional analysis of G9a-regulated genes in 
recurrent tumors 

We next explored the mechanistic basis for the dependence of recurrent tumors on 

G9a activity by identifying genes whose expression is directly regulated by G9a 

specifically in recurrent tumor cells. To do this, we first performed RNA-seq on primary 

and recurrent tumor cells treated with BIX-01294 for 16 hours. Importantly, this early 

time-point precedes the induction of cell death in response to BIX-01294 treatment. PCA 

analysis identified that all three cohorts (primary, Met-amplified recurrent and non-Met 

amplified recurrent cells) demonstrated altered global gene expression patterns (Figure 

18A), suggesting there are divergent mechanisms that recurrent tumors can form. 

Consistent with previous data, recurrent line #4 expressed high levels Met (Figure 18B). 

G9a inhibition led to only modest changes in gene expression in primary tumor cells 

(Figure 18C). In contrast, G9a inhibition induced widespread changes in gene expression 

in recurrent tumor cells, including 609 genes that were significantly upregulated, and 345 

genes that were significantly downregulated following BIX treatment (Figure 18C). 

Among the most upregulated genes were genes known to induce cell cycle arrest and cell 

death, including p21, Gadd45a, and Ccng2 (Figure 18D). Importantly, the majority of 

genes whose expression changed following G9a inhibition were upregulated, consistent 

with G9a’s role in repressing genes through H3K9 methylation.  

We next overlapped this list of differentially expressed genes with H3K9 ChIP-

seq data to generate a list of genes likely to be directly regulated by G9a through H3K9 

methylation. Because G9a can regulate gene expression by depositing one, two, or three 
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methyl groups on H3K9 (H3K9me1, me2 or me3) (169), we used lack of H3K9 

acetylation as a surrogate for H3K9 methylation. We identified 276 genes that (i) had 

lower H3K9 acetylation in recurrent tumor cells as compared to primary tumor cells, and 

(ii) were upregulated following G9a inhibition in recurrent tumor cells (Figure 18E). 

These genes represent putative direct targets of G9a in recurrent tumor cells whose re-

expression may mediate cell death following G9a inhibition.  

Gene ontology analysis revealed that G9a targets are enriched for genes involved 

in regulation of inflammatory responses, NF-κB signaling, cytokine production, and 

tumor necrosis factor (TNF) signaling (Figure 18F). Consistent with this, Gene Set 

Enrichment Analysis (GSEA) showed enrichment for a TNFα-NFκB signature and an 

inflammatory response signature in cells treated with BIX-01294 (Figures 18G and H). 

Taken together, these results indicate that G9a directly represses an inflammatory gene 

expression program in recurrent tumor cells, and raise the possibility that upregulation of 

pro-inflammatory genes may contribute to cell death in recurrent tumor cells following 

G9a inhibition.  
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Figure 18: Integrated epigenetic and transcriptional analysis of G9a-regulated genes 
in recurrent tumors (A) Principal Component Analysis for RNA-sequencing from 
primary, non-Met amplifying, and Met-amplifying recurrent tumor cells treated with 
vehicle or 1 µM BIX-01294 for 16 hours. (B) Normalized RNA-seq transcript counts for 
Met in recurrent tumor cell lines 1 and 3 as compared to recurrent cell line 4. (C) 
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Comparison of gene expression changes 16 hours after BIX-01294 treatment (1 µM) in 
recurrent (x-axis) and primary (y-axis) tumor cells. (D) Heatmap showing median-
centered, Z-score normalized expression changes for differential genes from (C). Genes 
of interested are indicated. (E) A G9a gene signature was generated by overlapping genes 
upregulated following BIX-01294 treatment in recurrent tumor cells (P<0.05 and log2 FC 
>1) with genes whose promoters had lower H3K9ac (P<0.05) in recurrent tumor cells. 
(F) Gene ontology analysis showing pathways enriched in the 276 gene G9a signature 
from (E). (G-H) GSEA plots showing enrichment of a TNFα/NF-κB signature (G) and 
an inflammatory signature (H) in recurrent tumor cells following G9a inhibition. 

3.2.6 G9a-dependent silencing of TNFα is required for recurrent tumor cell survival 

To investigate whether upregulation of pro-inflammatory cytokines contributes to 

cell death following G9a inhibition, we focused our attention on TNFα. TNFα was 

among the most differentially induced cytokines following BIX-01294 treatment in 

recurrent versus primary tumor cells, and the TNFα promoter had reduced H3K9 

acetylation in recurrent as compared to primary tumor cells (Figure 19A). TNFα is a 

pleiotropic cytokine that has both pro- and anti-tumor effects, depending on the cellular 

context (173). TNFα can induce tumor cell specific cell death in certain cancer cell types 

and lineages, including breast cancer (174,175). We first tested whether G9a regulates 

TNFα through H3K9 methylation. TNFα is expressed lower in recurrent tumor cells as 

compared to primary tumor cells (Figure 19B). Further, G9a inhibition led to a 4- to 50-

fold increase in TNFα levels in recurrent cells as measured by qRT-PCR (Figure 19B). 

H3K9me2 levels at the TNFα promoter were higher in recurrent tumor cells as compared 

to primary tumor cells (Figure 19C), and were reduced following BIX-01294 treatment 

(Figure 19D), confirming that G9a promotes H3K9 methylation at the TNFα promoter. 

We next asked whether TNFα selectively inhibits recurrent tumor cell growth. Treatment 

with recombinant TNFα led to a marked decrease in the viability of recurrent tumor cells, 
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but had no effect on primary tumor cells (Figure 19E). Similar results were obtained in 

longer-term colony formation assays (Figure 19F). Taken together, these results 

demonstrate that G9a directly silences pro-inflammatory cytokines, including TNFα, and 

that re-activation of these genes mediates recurrent tumor cell death in response to G9a 

inhibition. 

 

Figure 19: G9a-dependent silencing of TNFα is required for recurrent tumor cell 
survival(A) Scatterplot showing genes induced following BIX-01294 treatment in 
recurrent tumor cells (y-axis) as a function of differential H3K9ac in recurrent tumor 
cells (x-axis). Dashed line indicates 2-fold upregulation. (B) qPCR analysis for TNFα 
expression 16 hours after BIX-01294 treatment (1 µM) in recurrent and primary tumor 
cell lines. Expression values were normalized to vehicle-treated recurrent tumor cells 
(#1). (C) ChIP-qPCR showing enrichment for H3K9me2 at the TNFα promoter in 
recurrent and primary tumor cells. (D) ChIP-qPCR showing H3K9me2 levels at the 
TNFα promoter in recurrent and primary tumor cells. (E) Cell viability of primary and 
recurrent tumor cells treated with TNFα (10ng/mL) for 3 days. Significance was 
determined by one-way ANOVA and Tukey’s post-hoc test. (F) Representative colony 
formation assays showing viability of primary and recurrent tumor cells after 7-day 
treatment with TNFα (10ng/mL). Number of colonies are indicated for each plate. Error 
bars denote mean ± SEM.. *p<0.05, ***p<0.001, ns=not significant 
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3.2.7 G9a inhibition leads to induction of p53 Targets and p53-dependent cell death  

RNA-seq analysis revealed that a p53 signature was enriched following G9a 

inhibition (Figure 20A).  It has been previously described that BIX-01294 mediates cell 

death in human cancer cell lines through a p53-dependent mechanism (176). 

Furthermore, p53 plays a crucial role in TNFα-mediated cell death (177).  Given these 

reports, we hypothesized that p53 may be required for cell death following G9a inhibition 

in recurrent tumor cells. We first confirmed that p53 was expressed and not mutated in 

recurrent tumor cells. Western blot analysis showed that p53 protein expression was 

similar between recurrent and primary tumor cell lines (Figure 20B). Furthermore, 

sequencing of p53 found no mutations in either primary or recurrent tumor cell lines (data 

not shown). We next confirmed that p53 targets were upregulated following treatment 

with BIX-01294. qPCR analysis showed that the canonical p53 targets Cdkn1a (p21) and 

Gadd45a were significantly upregulated in BIX-treated recurrent tumor cell lines (Figure 

20C). Together, these data suggest that the p53 signaling axis is intact in recurrent tumor 

cells and that p53 targets genes are upregulated in response to G9a inhibitors.  

To determine whether p53 is required to mediate cell death in response to G9a 

inhibition, we knocked out p53 in two recurrent tumor cell lines using CRISPR/Cas9 

(Figure 20D). p53 knockout markedly reduced the induction of p21 and Gadd45a 

following BIX treatment in both recurrent tumor cell lines (Figure 20E). Surprisingly, the 

induction of p21 and Gadd45a was not completely reduced following p53 knockdown, 

suggesting that G9a may regulate expression of these genes independently of p53, 

potentially through methylation of H3K9. Significantly, p53 knockout resulted in an 
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approximately 3-fold shift in the potency of BIX-01294 in recurrent tumor cell line #1 

(IC50 for sgNT 168 nM [95% CI: 102 nM – 273 nM]; IC50 for sgp53 613 nM ([95% CI: 

345 nM – 996 nM]) and an approximately 2-fold shift in recurrent cell line #2 (IC50 for 

sgNT 120 nM [95% CI: 79 nM – 182 nM]; IC50 for sgp53 248 nM ([95% CI: 159 nM – 

386 nM]) (Figure 20F). Consistent with this, Annexin V staining showed that p53 

knockout also decreased cell death following BIX-01294 treatment (Figure 20G). Taken 

together, these results indicate that p53 partially contributes to cell death following G9a 

inhibition, suggesting the presence of alternate cell death pathways. 
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Figure 20: G9a leads to induction of p53 targets and p53-dependent cell death (A) 
GSEA plot showing enrichment for a p53 signature in recurrent tumor cells following 
G9a inhibition. P-value and normalized enrichment scores are shown. (B) Western blot 
analysis showing p53 expression in primary and recurrent tumor cell lines following 
treatment with vehicle or 1 µM BIX. (C) qPCR analysis of p21 (CDKN1A) or Gadd45a 
expression following BIX treatment in primary and recurrent tumor cells. Data are shown 
normalized to vehicle within each cell line. (D) Western blot showing p53 expression in 
recurrent tumor cell lines expressing Cas9 nuclease and a small guide RNA targeting p53. 
(E) qPCR analysis of CDKN1A and Gadd45a expression in control and p53 knockout 
recurrent tumor cells following BIX-01294 treatment. (F) Concentration response curves 
for control or p53 knockout recurrent tumor cells treated with increasing concentrations 
of BIX-01294. IC50 values are shown with 95% confidence intervals. (G) Annexin V 
staining of recurrent tumor cell line #1 expressing sgNT (n=3) or sgp53 (n=3) after 24 
hours treatment with 750 nM BIX-01294. Error bars denote mean ± SEM. *P<0.05, 
**P<0.01. 
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3.2.8 G9a inhibition induces necroptotic cell death 

The results described above demonstrate that G9a inhibition induces cell death 

through the TNFα and p53 pathways. Because TNFα can induce both apoptotic and 

necroptotic cell death pathways (178,179), we next sought to define the mode of cell 

death following G9a inhibition. G9a inhibition led to a marked increase in Annexin V 

staining only in recurrent tumor cells (Figure 21A and B). Annexin V staining cannot 

differentiate between apoptosis and necroptosis, and so we examined molecular markers 

specific for each cell death pathway.  Surprisingly, the apoptotic markers cleaved 

caspase-3 and cleaved PARP were not induced following BIX-01294 treatment (Figure 

21C). Instead, BIX-01294 treatment led to a marked increase in phosphorylation of S345 

of MLKL (Figure 21C), which is associated with induction of necroptosis in TNFα-

mediated toxicity (180). Consistent with this, we found that a necroptosis gene expression 

signature containing 141 necroptosis-associated genes (181-184) was enriched following 

G9a inhibition (Figure 21D). These results indicate that G9a inhibition leads to 

necroptotic cell death in recurrent tumor cells. 

To evaluate whether induction of necroptosis is necessary for BIX-mediated cell 

death, we pre-treated recurrent tumor cell lines with the Ripk1 inhibitor Necrostatin-1 

(Nec-1). Nec-1 partially rescued cell viability following BIX treatment in two recurrent 

tumor cell lines (Figure 21E). Consistent with this rescue of cell viability, Nec-1 also 

decreased the proportion of Annexin V-positive cells following BIX-01294 (Figure 21F). 
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Taken together, these results indicate that G9a inhibition induces necroptotic-dependent 

cell death in recurrent tumor cells.  

In light of our previous observation that p53 contributes to cell death following 

G9a inhibition, we next addressed the role of p53 in BIX-induced necroptosis. p53 has 

been suggested to contribute to necroptosis through indirect upregulation of critical 

intermediates Ripk1/Ripk3 and cathepsins (185,186). To address this possibility, we 

compared the induction of necroptosis following G9a inhibition in control and p53 

knockout cells. p53 knockout cells failed to induce Mlkl phosphorylation following BIX-

01294 treatment (Figure 21G). Consistent with this, qPCR analysis indicated that TNFα 

upregulation was blunted in p53 knockout cells treated with BIX, suggesting that p53 

activity is required for TNFα expression (Figure 21H). Taken together, our data suggest 

that p53 is required for TNFα-dependent necroptosis in recurrent tumor cells.  
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Figure 21: G9a inhibition induces necroptotic cell death in recurrent tumors (A) 
Annexin V/PI staining of recurrent and primary tumor cells treated with vehicle or 1 µM 
BIX-01294 for 16 hours. (B) Quantification of Annexin V-positive cells from (A). 
Significance was determined by one-way ANOVA and Tukey’s post-hoc test. (C) 
Western blot analysis for cleaved PARP (Asp214), cleaved Caspase-3 (Asp175), p-
MLKL (S345), and total MLKL in recurrent and primary tumor cells treated with vehicle 
or 1 µM BIX-01294. Staurosporine and TNFα + Z-VAD-FMK were included as controls 
for apoptosis and necroptosis, respectively. (D) GSEA showing enrichment of a curated 
necroptosis signature in recurrent tumor cells treated with BIX-01294. P-value and 
normalized enrichment scores are shown. (E) Cell viability of recurrent tumor cells after 
16-hour treatment with BIX-01294 (300 nM) alone or in combination with necrostatin-1 
(30 µM). Significance was determined by one-way ANOVA with Tukey’s posthoc test. 
(F) Quantification of Annexin V staining in recurrent tumor cells (#1) treated for 24 
hours with BIX-01294 (750 nM) alone or in combination with Necrostatin-1 (30 µM). 
(G) Western blot analysis showing p53, p-MLKL (S345), and total MLKL in control or 
p53-knockout recurrent tumor cells (#3) treated with vehicle or BIX-01294 (1 µM) for 16 
hours. (H) qPCR analysis for TNFα expression in control or p53-knockout recurrent 
tumor cells (#3) treated with 1 µM BIX-01294. Errors bars denote mean ± SEM. 
*p<0.05, **p<0.01, ns=not significant. 
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3.2.9 Recurrent tumor cells are dependent on Ripk3  

Our findings to this point demonstrated that G9a inhibition induces inflammatory 

cytokine expression, leading to p53-dependent necroptosis. Paradoxically, primary tumor 

cell lines demonstrated similar p53 expression to recurrent tumor cell lines, but tolerated 

exogenous TNFα. Therefore, we postulated that recurrent tumor cells acquire an 

enhanced sensitivity to necroptosis in response to exogenous stimuli that is lacking in 

primary tumor cells. 

To address this question, we evaluated the expression of critical intermediates in 

the necroptosis pathway. Necroptosis is triggered through a multiprotein complex called 

the necrosome consisting of Ripk1 and Ripk3 (187), which acts to phosphorylate and 

activate MLKL, ultimately leading to cell membrane disruption and necroptosis (188). 

Conversely, caspase 8 can inhibit necroptosis at least in part through cleaving Ripk1 and 

Ripk3 (189). To understand why recurrent tumors have heightened sensitivity to 

necroptosis, we examined expression of RIPK1, RIPK3, Caspase 8 and MLKL in 

primary and recurrent tumor cells (Figure 22A-D). RNA sequencing revealed that RIPK1 

and MLKL were expressed at similar levels between primary and recurrent tumor cells 

(Figures 22C and D). In contrast, we observed a 2-fold decrease in Caspase 8 expression 

and a nearly 1000-fold increase in RIPK3 expression in recurrent tumor cells (Figure 22A 

and Figure 22B). qPCR and Western blotting confirmed that Ripk3 was dramatically 

upregulated in recurrent tumor cells relative to primary tumor cells (Figures 22E and F). 

Intriguingly, Met-amplified recurrent tumor cell lines did not upregulate Ripk3, 

consistent with the finding that these cells are resistant to G9a inhibition. These results 
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suggest that upregulation of Ripk3 in recurrent tumor cells underlies, at least in part, their 

sensitivity to G9a inhibition. 

Ripk3 is traditionally thought to function as a tumor suppressor (190). Consistent 

with this, Ripk3 expression is silenced in >85% of breast cancer patients (191). In 

contrast to its tumor suppressive function, several recent reports have suggested that 

Ripk3 may drive tumor growth (192-194). Given that Ripk3 is highly expressed in 

recurrent and not primary tumor cells, we hypothesized that recurrent tumor cell lines 

may depend on Ripk3 activity. To test this hypothesis, we tested the effect of 

pharmacologic inhibition of Ripk3 on tumor cell growth; inhibitors against Ripk1 and 

MLKL were included as controls. Whereas the RIPK1 inhibitor Nec-1 and the MLKL 

inhibitor NSA had minimal effects on recurrent tumor cell viability, the RIPK3 inhibitor 

GSK872 profoundly inhibited recurrent tumor cell growth (Figure 22G-I). Taken 

together, these data suggest that the catalytic activity of Ripk3 has oncogenic functions in 

recurrent tumor cell lines that is pharmacologically targetable. 
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Figure 22: Recurrent tumors are dependent upon Ripk3 (A-D) RNA transcript counts 
for Ripk3 (A), Casp8 (B), Ripk1 (C), and Mlkl (D) in recurrent and primary tumor cells 
as determined by RNA-seq analysis. (E) qPCR showing Ripk3 expression in non-Met 
amplified. (F) Western blot analysis for Ripk3 expression in primary and recurrent tumor 
cells. (G-I) Concentration response curves for primary and recurrent tumor cells treated 
with increasing doses of GSK’872 (G), Necrosulfonamide (H), and necrostatin-1 (I). 

 

Finally, we investigated whether the dependence on G9a activity observed in 

recurrent tumor cells from this mouse model is also found in human breast cancer cell 

lines. To address this, we measured the response of 24 breast cancer cell lines to 

increasing concentrations of BIX-01294; the normal mammary epithelial cell line 

MCF10A was included as a control (Figure 23A). Of all the cell lines tested, only 

SKBR3 cells had an IC50 below 1 µM, consistent with previous reports that these cells are 
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sensitive to G9a inhibition (195) (Figure 23B). SKBR3 cells had elevated expression of 

Ripk3 as compared to MCF7 and MCF10A cell lines, both of which are resistant to G9a 

inhibition (Figure 23C). Furthermore, BIX treatment induced robust expression of TNFα 

in the SKBR3 cell line (Figure 23D). These data indicate that the SKBR3 cell line may 

recapitulate findings from our model of breast cancer recurrence. 

 

Figure 23: SKBR3 cells demonstrate similar response to G9a inhibition (A) 
Concentration response curves with BIX-01294 were determined for 24 human breast 
cancer cell lines and MCF10A immortalized mammary cells. Waterfall plot indicates IC50 
values for each cell line and standard error. Cell lines of interest are indicated. (B) 
Individual concentration response curves with BIX-01294 for SKBR3, MCF7, and 
MCF10A cell lines. (C) qPCR analysis showing Ripk3 expression in SKBR3, MCF7 and 
MCF10A human cell lines. (D) qPCR analysis for TNF expression in SKBR3, MCF7 and 
MCF10A human cell lines following 48 hours of 2 µM BIX-01294.  
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3.3 Discussion 

The development of targeted therapies against HER2 has been a major advance in 

the treatment of HER2-positive cancers. However, a fraction of HER2-positive tumors 

treated with adjuvant therapies will eventually recur, representing one of the largest 

hurdles to obtaining cures in breast cancer (196,197). Many HER2-positive tumors 

become HER2-negative or refractory to anti-HER2 therapies upon relapse, suggesting 

that these tumors have acquired dependence upon alternative pathways for their growth 

(42,43). In the current study, we used a genetically engineered mouse model of HER2-

driven breast cancer to examine mechanisms underlying HER2-independent tumor 

recurrence. We found that a subset of recurrent tumors underwent widespread epigenetic 

reprogramming and displayed profound changes in gene expression as compared to 

primary tumors. These epigenetic changes were associated with an acquired dependency 

of recurrent tumors on the histone methyltransferase G9a. Genetic knockout of G9a 

delayed tumor recurrence, and pharmacologic inhibition of G9a prevented the growth of 

recurrent tumors. Mechanistically, G9a was required in recurrent tumors for the silencing 

of pro-inflammatory genes. Inhibition of G9a led to the re-expression of pro-

inflammatory genes, including TNF, and the induction of necroptotic cell death. 

Surprisingly, recurrent tumors had dramatically upregulated expression of the essential 

necroptosis protein Ripk3. Ripk3 activity was both required for recurrent tumor cell 

growth and sensitized recurrent tumor cells to necroptosis. Taken together, we found that 

G9a-dependent epigenetic reprogramming promotes breast cancer recurrence, and 
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identified a G9a-Ripk3 pathway as a targetable collateral vulnerability in recurrent breast 

cancer (Figure 24).  

 

Figure 24: Model showing the proposed mechanism of action for G9a 
inhibitors in recurrent tumors. 

RNA-seq and ChIP-seq analysis revealed that recurrent tumors had profound 

transcriptional and epigenetic differences from primary tumors. Results from an 

epigenetic inhibitor screen suggested that recurrent tumors had acquired novel epigenetic 

dependencies as compared to primary tumors. Together, this strongly suggests that 

epigenetic remodeling is functionally important for tumor recurrence. Indeed, inhibition 

of G9a delayed tumor recurrence and slowed recurrent tumor growth. While the results 

presented here focus on G9a, it is possible that other chromatin-modifying enzymes are 

also functionally important for tumor recurrence. Consistent with this, we found that 

recurrent tumor cells had acquired novel H3K9ac, H3K4me3 and RNApol2 peaks at 

intergenic regions.  Although the mechanisms underlying these epigenetic changes 

remain unknown, our results suggest that epigenetic remodeling is a major feature of 
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tumor recurrence, and that histone methyltransferase G9a is at least one enzyme required 

to maintain this state. 

By integrating global gene expression and ChIP-seq data, we found that G9a 

directly regulates the expression of pro-inflammatory genes, including TNFα, in recurrent 

tumor cells. In fact, we found that TNF was sufficient to induce necroptotic cell death in 

recurrent but not primary tumor cells. This led to the surprising observation that the 

serine/threonine kinase Ripk3 was dramatically upregulated in recurrent tumor cells. 

Ripk3 is traditionally thought to function as a tumor suppressor, and its expression is 

often silenced in breast cancers (191), and so its upregulation in recurrent tumors was 

unexpected. However, a handful of recent reports have identified a pro-tumorigenic 

function for Ripk3 that is independent of necroptosis (193,198). Consistent with this, we 

found that Ripk3 was required for the growth of recurrent tumor cells. Taken together, 

this suggests a model where Ripk3 upregulation is both required for recurrent tumor cell 

growth and sensitizes these cells to stimuli that induce necroptosis, including TNFα. 

According to this model, the dependence of recurrent tumors for G9a activity is due, at 

least in part, to the requirement for recurrent tumor cells to silence TNFα expression. 

This is an example of the concept of collateral sensitivity, where a resistance pathway, in 

this case high Ripk3 expression, results in enhanced sensitivity to a secondary pathway 

(G9a). 

Our mechanistic studies suggested that the induction of necroptosis following G9a 

inhibition is partially dependent upon p53 activity. Other studies have shown that G9a 

inhibition induces p53-dependent autophagy (176), and G9a has been reported to repress 
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p53 activity through direct methylation of lysine 373 of human p53 (K370 mouse) (154). 

Our data suggest that p53 acts upstream of TNFα expression, thereby modulating 

activation of necroptosis. However, the specific role of p53 in initiating necroptosis 

requires further investigation. It is possible that G9a inhibition directly activates p53 by 

relieving an inhibitory methylation on K370. Alternatively, G9a inhibition may indirectly 

activate p53 through an unidentified mechanism, such as inducing alterations to 

chromatin structure or metabolic stress (199,200). Notwithstanding the specific 

mechanism, our results show that p53 activity following G9a inhibition is required for 

TNF upregulation and necroptosis.   

A number of epigenetic inhibitors have been shown to be effective in cancer, 

either alone or in combination with chemotherapy (53,201,202). However, identifying the 

specific epigenetic pathways that are dysregulated in individual tumors is important for 

predicting which patients would respond to epigenetic therapies. By integrating RNA-seq 

and ChIP-seq data, we identified a 276-gene G9a-regulated signature that may identify 

patients with HER2-enriched breast cancers that would benefit from G9a inhibitors. Of 

note, a recent study suggests G9a cooperates with Myc to drive triple-negative breast 

cancer growth (92). Although our G9a signature did not predict survival in triple-negative 

breast cancers, we did see evidence of elevated Myc signatures in recurrent tumors that 

are dependent upon G9a. Further investigation into the relationship between G9a 

inhibitors and Myc may inform G9a dependencies that occur in other Myc-driven 

cancers. 
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In conclusion, our results demonstrate that tumor recurrence is associated with 

widespread epigenetic reprogramming and acquired dependence on the histone 

methyltransferase G9a. These findings elucidate a novel role for G9a in silencing pro-

necroptotic inflammatory cytokines in cancer. Finally, these observations suggest that 

strategies designed to target G9a may have clinical utility to improve survival in patients 

diagnosed with recurrent breast cancer.  
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3.4 Methods 

3.4.1 Cell lines and reagents 

Three primary (primary #1, primary #2, and primary #3) and five recurrent 

(recurrent #1, recurrent #2, recurrent #3, recurrent #4, and recurrent #5) tumor cell lines 

were generated as described previously (99,102).  

Human cell lines HCC1569, HCC38, HCC1143, HCC1395, HCC1500, ZR-75-1, 

HCC202, HCC1569, HCC1954, BT549, BT483, HS578T, MDAMB157, MDAMB468, 

MDAMB361, MDAMB134, MDAMB436, MDAMB468, UACC812, SKBR3, 

MCF10A, BT474, T47D, BT20, HCC1419 were purchased from ATCC and cultured in 

appropriate cell culture mediums. Cell lines were authenticated and tested for 

mycoplasma according to standard procedures at Duke. Cell lines were used <6 months 

from receiving from Duke. Additional information on cell viability assays, plasmids, and 

CRISPR gene knockout are provided in supplemental methods. 

The following drugs were purchased and utilized as part of the CaymanChem 

epigenetics screening library (#11076): Cl-Amidine, PFI-1, JQ1, GSK2801, SGC0946, 

N-oxalylglycine, OTX015, JIB01, RG108, Rucaparib, GSKJ1, UNC1215, lestaurtinib, 

BIX-01294, EPZ5687, GSKLSD1, PFI2, Lomeguatrib, PFI3, C646, Daminozide, AGK2, 

SGCCBP. Additional drugs included, UNC-0638 (Tocris), BRD4770 (SelleckChem, 

Necrostatin-1 (SelleckChem), GSK’872 (SelleckChem), necrosulfonamide 

(SelleckChem), and Z-VAD-FMK (SelleckChem). Drugs were solubilized per 
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manufacturer recommendations and utilized at concentrations stated within the text. 

Matching vehicle controls were used for each experiment.  

 

3.4.2 Animals 

 Animal care and all animal experiments were performed with the approval 

of and in accordance with Duke University IACUC guidelines. Approval documents can 

be found in Duke University DLAR under numbers A199-17-08. 

 

3.4.3 Small molecule screen  

Tumor cells from primary #1, primary #2, recurrent #1, and recurrent #2 were 

plated at 1,500 cells / well on 96-well plates and allowed overnight to attach. Cells were 

treated with 8 increasing concentrations (vehicle, 10 nM, 30 nM, 100 nM, 300 nM, 1 µM, 

3 µM, 10 µM) of each drug in biological triplicate for 60 hours. Each well was 

normalized to the average of vehicle-treated control well corresponding to the cell line. 

Cell viability was determined using CellTiterGlo kit (Promega) according to 

manufacturer instructions.  IC50 with SEM were determined by combining all 6 biological 

replicates. The difference in IC50 and 95% confidence interval were determined by 

inputting log[IC50] and SEM for each cohort into a web-based tool available at 

https://www.graphpad.com/quickcalcs/errorProp1/?Format=SEM.  
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3.4.4 Cell viability assays  

Concentration response curves were determined by plating 1,000 cells from 

primary and recurrent tumor cell lines in triplicate on a 96-well plate. Cells were allowed 

to grow overnight prior to treatment with increasing concentrations of the following 

drugs: BIX-01294, UNC0638, BRD4770, Nec-1, GSK’872, and Necrosulfonamide. Cells 

were incubated in drug or vehicle for 48 hours prior to cell viability analysis by 

CellTiterGlo kit. Concentration response curves were generated in GraphPad Prism 7 

software. 

Cell growth following G9a knockout in primary and recurrent tumor cells was 

determined by plating 1,000 cells in triplicate on 96-well plate designated for analysis on 

days 1, 3, and 5. Cell viability was determined using CellTiterGlo kit. Due to variability 

in cell turnover and initial seeding, growth rate was determined by taking the ratio of cell 

viability for days 3 or 5 tumor cell viability on day 1. 

For BIX-01294 sensitivity, 60,000 of primary or recurrent tumor cells were plated 

onto 6-well plates and allowed to attach overnight. Cells were treated for 48 hours with 2 

µM BIX-01294. Plates were washed with PBS and stained with 0.5% crystal violet, 

rinsed, and scanned. For short-term cell viability following TNFα administration, 

recurrent cell lines #1 and #3, and primary tumor cell lines #1 and #2 were plated at 

1,000 cells in triplicate on 96-well plates and treated for 72 hours with 10 ng/mL TNFα 

(Biolegend). Cell viability was determined using CellTiterGlo kit. Colony formation 

assays were performed by plating 1,500 cells on 10 cm plates and treating with 10 ng/mL 

TNFα for 7 days. For cell viability assays with necrostatin-1, recurrent cells were plated 
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with 1,000 cells in triplicate and treated for 16 hours with 300 nM BIX-01294 alone or in 

combination with 30 µM Nec-1.  

 

3.4.5 Plasmids, viral transduction 

Cas9 was stably infected in cell lines using a lentiviral construct encoding 

lentiCas9-Blast (a gift from Feng Zhang, Addgene #52962). The small guide RNAs 

targeting G9a and p53 listed in Table 4 were cloned into lengtiGuide-Puro (a gift from 

Feng Zhang, Addgene #52963). Lentivirus was produced by transfection of HEK293T 

cell line with psPAX2 (a gift from Didier Trono, Addgene #12260), pMDG.2 (a gift from 

Didier Trono, Addgene #12559) and the lentiviral expression construct. Viral supernatant 

was collected 48 and 72 hours post-transfection, filtered and used to transduce target cells 

in the presence of 4 µg/mL polybrene (Sigma).  Cells were selected in selection media 

containing puromycin (2 µg/mL for primary tumor cells; 4 µg/mL for recurrent tumor 

cells). 

 

3.4.6 Western blots and antibodies 

Protein lysates were generated from flash frozen cell pellets using EBC lysis 

buffer supplemented with HALT protease/phosphatase inhibitor cocktail (Invitrogen). 

Protein lysates were quantified using BioRad Protein Assay Dye (Bio-Rad). For histone 

blots, histones were extracted from cell pellets by the protocol found at 

https://www.abcam.com/protocols/histone-extraction-protocol-for-western-blot. Equal 

amounts of protein were resolved on SDS-polyacrylamide gels and wet-transferred to 
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nitrocellulose membranes. Membranes were blocked with 5% milk in PBST. All primary 

antibodies were diluted in 3% BSA and incubated overnight at 4°C. Primary antibodies 

used are listed in Table 4. The secondary antibodies to be used downstream for LiCor 

analysis were AlexaFluor® (ThermoFisher) 680 and IRDye®800 (Li-Cor) diluted 1:5000 

in PBST. Goat Anti-Rabbit and Anti-Mouse IgG (H+L) HRP Conjugated antibodies 

(BioRad) were utilized for antibodies imaged by film. Secondary antibodies were 

incubated with membranes for 1 hour at room temperature. Membranes were imaged 

using a Li-Cor Odyssey infrared imaging system (Li-Cor Biosciences). Blots were 

analyzed in ImageStudio Lite software (Li-Cor). 

 

3.4.7 Chromatin immunoprecipitation  

Fully confluent recurrent tumor cell lines (#1, #2 and #3) and primary tumor cell 

lines (#1 and #2) on 15 cm plates were fixed in 1% ChIP-grade formaldehyde (Sigma) for 

10 minutes. Crosslinking was quenched with 250 mM glycine, and cells were harvested 

and pelleted by centrifugation. Cells were incubated in RIPA lysis buffer containing 

HALT protease inhibitors (ThermoFisher) for 15 minutes with frequent vortexing. 

Samples were sonicated and DNA sheared to an average length of ~250-450 bp as 

determined on agarose gel. Lysates were pre-cleared with Protein A/G beads (Santa 

Cruz), and blocked with salmon sperm (Ambion) and ChIP-grade BSA (New England 

BioLabs). Purified, sheared DNA was immunoprecipitated overnight at 4°C with 5 µg of 

each primary antibody found in Table 4 or an isotype-control rabbit and mouse IgG (5 µg 

of each mixed together). Immunoprecipitated DNA was purified with protein A/G beads 
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and washed sequentially with wash buffers. DNA was eluted from washed beads and 

reverse cross-linked with concentrated NaCl (0.2M) overnight at 65°C. After reverse 

crosslinking, proteins were digested with proteinase K (Sigma) and EDTA and DNA was 

purified using PCR purification columns (Qiagen). All qPCR reactions were carried out 

with SYBR green (Bio-Rad) using TNFα locus-specific primers found in Table 4. Ct 

values for immunoprecipitated DNA were normalized to input DNA.To determine 

H3K9me2 enrichment following BIX treatment, confluent 15 cm plates with recurrent 

tumor cell line #3 were treated for 16 hours with 1 µM BIX-01294 or DMSO vehicle 

prior to ChIP. 

 

3.4.8 Chip-Seq analysis 

Following immunoprecipitation, DNA was quantified using the fluorometric 

quantitation Qubit 2.0 system (ThermoFisher Scientific) and fragment size confirmed 

with Agilent Tapestation. DNA libraries were prepared using Kapa BioSystem 

HyperPrep Library Kit for compatibility with Illumina sequencing. Unique indexes were 

added to each sample. Resulting libraries were cleaned using SPRI beads, quantified with 

Qubit 2.0 and Agilent Bioanalyzer, and pooled into equimolar concentrations. Pools were 

sequenced on Illumina Hiseq 4000 sequencer with 50 bp single reads at a depth of ~55 

million reads per sample.  Fastq reads underwent strict quality control processing with the 

TrimGalore package to remove low quality bases and trim adaptor sequences. Reads 

passing quality control were mapped to mm10 version of the mouse genome using the 

Bowtie short read aligner(146). Duplicate reads were filtered and peaks were called with 



 

 104 

the MACS2 peak-calling algorithm using default parameters, except for H3K27me3 

peaks which were called using ‘broad peak’ settings(147). Following sequencing, 

differential binding analysis was completed with DiffBind software on standard settings 

(203). Differentially bound sites were annotated with ChIPseeker (204) and annotatr 

(205) packages. Enhancer regions were based on Fantom5 classifications. Bam alignment 

files were converted into bigwig files by binning reads into 100bp segments. Global 

enrichment plots and heatmap visuals for H3K4me3, H3K9ac, K3K27me3, and RNApol2 

at the top 100 most differentially enriched RNApol2 peaks in primary and recurrent 

cohorts was generated using deepTools2 software (206). ChIP-seq tracks were visualized 

in IGV desktop viewer (Broad Institute). 

 

3.4.9 RNA sequencing  

RNA was extracted using the RNeasy kit (Qiagen) and concentrations quantified 

using Qubit 2.0 and Agilent Bioanalyzer. cDNA libraries were prepared with the Kapa 

stranded mRNA kit. Pooled sample libraries were sequenced on HiSeq 4000 (Illumina) 

sequencer to 50 bp single reads at ~25-30 million read depth per sample. Fastq files were 

assessed for quality control with FastQC software. Raw sequencing reads were then 

trimmed of low quality base pairs and adapters with Trim Galore! Processed sequencing 

reads were aligned to the mm10 genome with STAR ultrafast universal RNA-seq aligner 

(207). The number of transcript counts per gene were counted on the reverse strand with 

featureCounts software and organized into a count matrix for passing through differential 

gene expression analysis with DESeq2 software (208). PCA analysis was produced using 
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ggplot2 package, and heatmaps were generated with pheatmap package in R (v3.5.0) 

software. Gene ontology for differential gene expression between primary and recurrent 

tumor cell lines was determined with clusterProfiler software (148). For GSEA analysis, 

genes were pre-ranked based on topics of interest (i.e. genes differentially expressed in 

recurrent tumor cell lines or genes upregulated following BIX administration) and input 

into desktop GSEA software (Broad Institute). 

To determine whether the magnitude of gene expression is significantly altered 

between primary and recurrent tumor cells, the DEseq2 model was designed using 

Cell_Line + Condition + Cell_Line:Condition. Significant differences in the magnitude 

of induction was determined by an adjusted P value of <0.05. Recurrent tumor cell line 

#4 was excluded from these analyses, as we were interested in gene expression alterations 

specific to recurrent tumor cell lines that were sensitive to G9a inhibition. Complete 

RNA- and ChIP-sequencing data is available online using National Center for 

Biotechnology Information’s Short Read Archive (SRA) under project accession number: 

PRJNA505839. 

 

3.4.10 Integrated RNA- and ChIP-sequencing  

Genes that were significantly upregulated with BIX in recurrent tumor cell lines 

#1 and #3 by RNA sequencing (log2 >1, P. adj. <0.05) were overlapped with gene 

promoters significantly depleted (P adj. <0.05) of H3K9ac in recurrent tumor cell lines 

#1, #2, and #3 relative to primary tumor cell lines #1 and #2 by ChIP-sequencing. Gene 

ontology of these 276 genes was determined by clusterProfiler package(148). This G9a-
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regulated gene set was input into online software (available at: 

http://co.bmc.lu.se/gobo/gsa.pl) to determine human recurrence free survival based on 

gene expression. Settings for this analysis were set for distant metastasis free survival 

(DMFS) for all tumors censored at 10 days and divided into 3 quantiles (209). A high 

G9a signature was determined by low global expression of G9a-regulated genes. 

 

3.4.11 Quantitative RT-PCR 

RNA was extracted using the RNeasy kit (Qiagen) and cDNA was synthesized 

using the ImProm-II Reverse Transcription System (Promega). Expression levels of 

genes were assessed by real-time qPCR on a CFX384 Touch Real-Time PCR Detection 

System (Bio-rad) using Taqman probes listed in Table 4. Actb and 18S were used as 

controls. 

 

3.4.12 In-cell western  

7,500 cells from each tumor cell line (Primary #1, Primary #2, Recurrent #1 and 

Recurrent #2) were plated in duplicate on a black, clear-bottom 96-well plate. Wells were 

treated for 48 hours with DMSO vehicle, or 10 nM, 30 nM, 100 nM, 300 nM, and 1 µM 

concentrations of BIX-01294. Cells were fixed with 3.7% formaldehyde for 20 minutes at 

room temperature, washed with PBS, and permeablized with 0.1% Triton X-100 in PBS. 

Cells were blocked for one hour with a 3% goat serum, 1% BSA, 0.1% Triton X-100 

solution, prior to overnight incubation of primary antibodies listed in Table 4. The next 

morning, wells were washed prior to secondary antibody placement. Secondary 
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antibodies AlexaFluor® (ThermoFisher) 680 and IRDye®800 (Li-Cor) diluted 1:2000 in 

PBST were incubated on wells for one hour. Plates were cleaned of smudges prior to 

imaging with a Li-Cor Odyssey infrared imaging system (Li-Cor Biosciences). Mean 

fluorescence of each well was analyzed in ImageStudio Lite software (Li-Cor) and the 

signal ratio determined by dividing the H3K9me2 signal by the Histone-3 signal. 

 

3.4.13 Flow cytometry 

150,000 tumor cells were counted on 6 cm plates and treated for 16 hours with 1 

µM BIX-01294 alone or in combination with 30 µM Nec-1. Cells were trypsinized and 

washed with PBS. Cell pellets were then resuspended into 100 uL of annexin-binding 

buffer (Life Technologies) containing 1:20 AlexaFluor 488 annexin V - 488 and 1:100 

100 µg/mL propidium iodide (sigma) and incubated for 20 minutes. Samples were diluted 

with 400uL of additional annexin-binding buffer and passed through a 40 micron filter. 

Samples were excited with 488 nM laser and 10,000 events analyzed on BD FACSCanto 

II flow analyzer. Graphs were produced with FlowJo software. 

 

3.4.14 In vivo BIX administration 

300,000 cells from recurrent tumor cell line #3 were injected bilaterally into the 

inguinal (#4) mammary gland of 6-week old nude mice. Once tumors achieved a size of 

~30 mm3, mice were randomized into vehicle (n=5 mice) or BIX-treated (n=5 mice) 

groups. BIX-01294, or matching DMSO control, was administered 10mg/kg three times a 

week. Tumors size was determined by caliper measurements on day of injection, except 
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after day 15 in which tumors were measured daily. Tumor volume was calculated using 

the equation ((π x length x width2) / 6). Tumor AUC was calculated using the equation 

[(vol1 + vol2)/2] x (day2 - day1). Tumor burden was compared between groups by 

unpaired Student’s t-test. 

 

3.4.15 Copy number assay 

 DNA was extracted using the Allprep kit (Qiagen) according to 

manufacturer instructions. DNA was diluted to 5ng/uL. 7.5 µL master mix was generated 

for each well in the following ratios: 5 µL genotyping Taqman mix (ThermoFisher 

Scientific), 0.5 µL of each the Met and Tfrc copy number probes in Table 4, and 1.5 µL 

of water. 2.5 µL was added to master mix for a total of 10 µL reactions in each well. 

Samples were run on CFX384 Real-Time PCR Detection System (BioRad). Met Ct 

values were normalized to Tfrc using ΔΔCt and compared against recurrent cell line #1. 

 

3.4.16 Orthotopic recurrence assay 

 Mice were randomized into cages and maintained on 2 mg/mL 

doxycycline prior to injection. 1 x 106 primary tumor cell line #2 expressing cas9 was 

infected with either sgNT, sgG9a#1, or sgG9a#2 and was injected bilaterally into the 

fourth mammary gland of nu/nu mice (n=10 per cohort, n=30 total). Tumors size was 

determined by caliper measurement three times a week until tumors reached ~75 mm3. 

Two tumors per cohort were sacrificed at the primary tumor stage for downstream 

biochemical analysis (n=4 tumors). The remaining 8 mice were removed from dox to 
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initiate tumor regression. Mice were palpated three times weekly to monitor for tumor 

recurrence. Recurrence-free survival was determined using Kaplan-Meier survival 

curves. Significance in recurrence-free survival were determined using Mantel-Cox log-

rank test. 

Table 4: Additional methods and materials for epigenome remodeling 
promotes breast cancer recurrence and confers sensitivity to G9a inhibitors 

Antibodies 

Antibody Source Application Catalog Dilution 

H3K9me2 Cell Signaling WB  #4658 1:1000 (WB)  

Histone 3 Cell Signaling WB ; ICW #3638 1:1000 (WB) ; 1:500 

(ICW) 

G9a Cell Signaling WB #3306 1:1000 

GAPDH Sigma-

Aldrich 

WB #8795 1:2000 

Tubulin Cell Signaling WB #3873 1:2000 

P53 Cell Signaling WB #2524 1:1000 

cPARP Cell Signaling WB #9544 1:1000 

cCaspase Cell Signaling WB #9661 1:1000 

MLKL Cell Signaling WB #37705 1:1000 

pMLKL(S345) Abcam WB #19643

6 

1:1000 

RIPK3 Santa Cruz WB #37463 1:500 
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H3K9me2 Abcam ChIP-qPCR 

; ICW 

#1220 5µg (ChIP) ; 1:500 

(ICW) 

H3K9ac Abcam ChIP #4441 5µg 

H3K4me3 Abcam ChIP #8580 5µg 

H3K27me3 Abcam ChIP #6002 5µg 

RNA pol II  Abcam ChIP #817 5µg 

Mouse IgG 

control 

Abcam ChIP #18392 5µg 

Rabbit IgG 

control 

Abcam ChIP #17187

0 

5µg 

Goat anti-rabbit 

IgG-HRP 

BioRad WB #17065

15 

1:5000 

AlexaFluor 680 

(anti-rabbit) 

Life 

Technologies 

WB A21076 1:5000 

IRDye® 

800CW (anti-

mouse) 

LiCor WB 926-

32210 

1:5000 

ChIP-qPCR primers 

TNFα Forward 5’-GCCTTTATAGCCCTTGGGGA-3’ 

TNFα Reverse 5’-GAGACAGAGGTGTAGGGCCA-3’ 
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CRISPR-Cas9 sgRNAs 

sgNT 5’-CCCGATCCCCTACCTAGCCG-3’ 

sgG9a#1 5’-CGGCAGGCTCCAAGGAGTCG-3’ 

sgG9a#2 5’-ACAGGCACCCCCCTTGCTGG-3’ 

sgp53 5’-GAAGTCACAGCACATGACGG-3’ 

Taqman gene expression probes 

Name Catalog 

Cdkn1a Mm00432448 

Ehmt2 Mm01132261 

Tnf(mouse) Mm00443258 

Ripk3(mouse) Mm00444947 

18S 4332641 

Gadd45a Mm00432802 

Met Mm01156972 

TNF (Human) Hs00174128 

RIPK3 

(Human) 

Hs01011175 

Copy number assay probes 

Met Mm00565151_CN 

Tfrc 4458366 
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4. Conclusion 

4.1 Summary 

Herein I have described that the development of recurrent tumors is associated 

with widespread epigenetic and transcriptional reprogramming. Importantly, my thesis 

work has demonstrated that epigenetic plasticity and transcriptional rewiring mediate two 

crucial aspects of tumor progression. First, resistance to cytotoxic chemotherapies can 

occur through an EMT-driven epigenetic silencing of the tumor suppressor Par-4. 

Second, recurrent tumors acquire a transcriptional dependence on the necroptotic 

intermediate Ripk3, requiring G9a-mediated repression of an inflammatory program to 

avoid tumor cell necroptosis.  

We have previously shown that Par-4 downregulation occurs following 

neoadjuvant chemotherapy and is a critical negative regulator of tumor recurrence (99). 

Recent evidence shows that acquisition of an EMT signature is strongly correlated with 

chemoresistance in multiple models and cancer types (66,67). Thus, identifying 

actionable drivers of chemoresistance would allow for targeted treatment of patient 

population with epigenetic inhibitors, and could have broad implications for treating 

therapy-resistant cancers. Through animal modeling and mechanistic studies, I 

demonstrated that recurrent mammary tumors undergo EMT and do not respond to a 

clinically relevant triple chemotherapy regimen (Adriamycin and Cytoxan, followed by 

Taxol). We found that the EMT transcription factor Twist specifically downregulates 

tumor suppressor Par-4 through deposition of bivalent histone marks. Importantly, Par-4 

repression is pharmacologically targetable with epigenetic inhibitors of HDAC or EZH2, 
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and its re-expression is sufficient to resensitize recurrent tumors to microtubule 

inhibitors. Unbiased phosphoproteomics revealed that Par-4’s interaction with 

phosphatase Mypt1 is associated with cytoskeletal alterations that result in the inability of 

recurrent cells to undergo complete mitosis when administered with microtubule 

inhibitors. This work has culminated in a publication in the Journal of Clinical 

Investigation (102).  

In addition to identifying a pharmacologically targetable feature to sensitize 

recurrent tumors to chemotherapy, we also defined epigenetic vulnerabilities that emerge 

specifically in recurrent tumor cells. Through a small molecule screen, we demonstrated 

that recurrent tumors are exquisitely sensitive to G9a inhibition. G9a catalyzes H3K9 

methylation at the promoters of pro-necroptotic inflammatory cytokines, such as TNFα, 

and this is required for recurrent tumor cell survival. RNA-sequencing on primary and 

recurrent tumors found that recurrent tumors overexpress the necroptosis kinase RIPK3, 

and gain a dependency on its activity. High TNF expression promotes recurrent tumor-

cell specific necroptosis through the RIPK1/RIPK3 axis. Although RIPK3 is widely 

considered a tumor suppressor in multiple contexts, our data show that RIPK3 has a 

novel pro-tumorigenic role. These data suggest that G9a inhibition is a collateral 

vulnerability in RIPK3-expressing recurrent tumors. This work is currently in revision at 

the Journal of Experimental Medicine. 

4.2 Place in current research 

The cataloging of oncogenic mutations has propelled our understanding of how 

genetic perturbations contribute to cancer pathogenesis. However, recent insight into the 
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mutational landscape of recurrent disease has revealed that a purely genetic model of 

therapeutic resistance is not sufficient to fully explain how cancers bypass therapeutic 

interventions. Rather, epigenetic mechanisms may explain how recurrent tumors arise 

with few genetic drivers and how therapeutic resistance can emerge in the absence of 

genetic mutations. Further, epigenetic mechanisms link quick, adaptable transcriptional 

processes with cancer cell survival in the presence of microenvironmental and chemical 

stressors. Therefore, epigenetic plasticity can regulate many oncogenic processes and 

may be a central hallmark to many aspects of cancer growth.  

Although altered epigenetic states confer resistance in certain pharmacologic 

contexts, it is likely that these transcriptional states may also be a liability. For example, 

we demonstrated that RIPK3 expression in the recurrent tumor is required for recurrent 

tumor growth, but renders them sensitive to necroptotic insults through G9a inhibition. In 

other studies, EGFR inhibitor-tolerant persister cells in lung cancer acquire KDM5a 

dependencies and, as a result, are sensitive to HDAC inhibitors (51). Therefore, 

epigenetic plasticity may serve as a temporary survival platform on which genetic 

instability can act to promote a permanent genetic mechanism of resistance. This has 

been documented with acquisition of de novo Met amplification in treatment-resistant 

lung and prostate cancer cells, which occurred on the timescale of months rather than 

hours to days as is seen with epigenetic plasticity (51,210). Similarly, we have found in 

our model that Met-amplified recurrent tumors are resistant to G9a inhibitor therapy. It is 

possible that G9a is functionally important for epigenetic flexibility early in residual 

disease or directly following oncogene inhibition. However, as cancer cells evolve 
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overtime, tumor cells lose their G9a dependency, as Met amplification renders cells 

capable of clonal selection. Thus, I postulate that long-term therapeutic resistance may 

constitute two phases, 1) the acquisition of epigenetic rewiring that promote tumor cell 

survival, followed by 2) the selection of de novo genetic events that form secondary to 

surviving tumor cells. Once genetic events occur, cancer cells may switch their epigenetic 

identities away from an epigenetic inhibitor (G9a) sensitive state. 

The amount of time tumor cells passage through epigenetic states may vary based 

on the tumor and environmental context. This has wide-ranging implications in therapy, 

as the window of opportunity to treat with epigenetic therapies may be limited. 

Therefore, the timing of epigenetic inhibitors is critical in influencing tumor evolution. 

More specifically, pre-treatment with G9a inhibitors may influence tumors to gain 

alternate dependencies during residual disease, thus preventing adequate treatment of 

tumors. To combat this problem, identifying consistent transcriptional or genetic 

biomarkers of inhibitor response is critical. Our studies have highlighted that one gene, 

Par-4, may predict response to chemosensitivity with HDAC inhibitors in recurrent breast 

cancer.  Additionally, we showed that Ripk3 status may predict response to G9a 

inhibition. Dissection of additional pathways will reveal more potential biomarkers to 

predict sensitivity to epigenetic therapies. 

While it is clear that epigenetics can regulate a variety of transcriptional, 

metabolic, cytokine and growth signals, the contribution of epigenetics is highly dynamic 

and context specific. Tumor cells can traffic through any number of epigenetic states, 

such that multiple options are available for tumors to overcome negative selective 
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pressures. Therefore, elucidating not only which pathways are functionally relevant, but 

also their spatial-temporal characteristics, is critical to understanding the epigenetic 

contributions to tumor progression. This is limited by the inability to assess intratumoral 

heterogeneity. Recent technological developments in single-cell epigenetics may shed 

new insight into cell-to-cell variation in epigenetic regulation, and may inform individual 

epigenetic pathways that underlie tumor dependencies (211-213). 

Most of the recent literature has focused on how epigenetic dysregulation through 

alterations in histone modifications affect cancer growth. However, a wave of recent 

literature suggests that the traditional linear models of DNA and gene expression are not 

sufficient to explain how epigenetic remodeling contributes to tumor recurrence 

(214,215). Rather, three-dimensional aspects of chromatin- such as highly organized 

TAD domains, looping interactions, and enhancer remodeling- are emerging as novel 

drivers of tumors and breast tumor recurrence (216). Thus, elucidating the epigenetic 

mechanisms underlying cancer requires integrating all aspects of chromatin biology – 

gene expression, histone profiling, DNA replication, and 3D chromatin reconstruction.  

 

4.3 Future work 

Our work provides new insight into the importance of epigenetic dysregulation on 

influencing breast cancer recurrence. This work also highlights new lines of inquiry into 

epigenetic plasticity in tumor recurrence. 

First, It will be important to achieve a holistic view of how plastic promoters (i.e. 

bivalent promoters) are functionally important for mediating adaptive resistance to 
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targeted therapies. Although my work showed that bivalent silencing of a single gene, 

Par-4, regulates response to microtubule inhibitors, we found over 500 genes with 

bivalent promoters in primary and recurrent tumors (data not shown). Recent evidence 

shows chemoresistance and EMT are associated with an increased number of bivalent 

promoters, and EMT transcription factor Zeb1 is directly regulated by a bivalent 

promoter (217,218). Given our data showing that Par-4 bivalency is regulated by EMT, I 

propose that global promoter bivalency is regulated by the EMT program, and may be 

functionally important for maintaining chemoresistance. These bivalent promoters may 

promote an epigenetically flexible state that could underlie a variety of therapeutic 

responses beyond cytotoxic therapies, including epigenetic, targeted and immunologic 

treatments. Further, the regulation of bivalent promoters remains relatively understudied. 

For example, while regulation of H3K27me3 by PRC2 is well established at bivalent 

promoters, we show that HDAC inhibition is also effective in reversing Par-4 silencing. 

Thus, understanding how HDAC complexes (i.e. NuRD, Sin3A, CoREST), regulate Par-

4 and/or bivalent promoters may allow more targeted approaches to reversing silencing of 

promoter bivalency. 

While we showed that promoter-associated epigenetic marks H3K9ac, H3K4me3, 

and RNApol II are found at unusual locations of the genome in recurrent tumors, we do 

not currently understand how or why these peaks emerge. Enrichment of these marks has 

been described in other papers, however I hypothesize that these peaks are indicative of 

chromatin looping and long-range chromatin interactions.  These interactions may be due 

in part to association with enhancers. Further evaluation of the unusual localization of 
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these peaks may provide additional details into not only epigenetic regulation of gene 

promoters, but also aberrant 3D organization of chromatin. New tools such as Hi-C allow 

for high-resolution capture of chromatin superstructure. Combining these approaches 

with CTCF localization may reveal novel insulator domains, TADs and gene-enhancer 

interactions found in recurrent tumors.  Additionally, the development of new chemical 

probes targeting ATP-dependent chromatin remodelers such as SWI/SNF and NuRD/Mi-

2/CHD-INO80 may allow for functional interrogation of these epigenetic irregularities. 

Interestingly, we found that G9a has two isoforms (long and short) expressed in 

primary and recurrent tumors. While we found that the short isoform is expressed to a 

higher degree in recurrent tumors, we did not focus on the biological consequences of 

G9a-short overexpression. Little to nothing is known about how G9a isoforms impact the 

ability of the enzyme to methylate substrates. Further studies dissecting the non-

redundant roles of G9a isoforms could provide important insight into aberrant G9a 

expression. It is possible that the short isoform has unexpected protein interactions, either 

with itself or other proteins, or that the short isoform exclusively regulates certain gene 

promoters. Early in vivo studies showed that G9a protein is stabilized in tumors with GLP 

knockdown, suggesting that G9a can maintain its expression in the absence of GLP (data 

not shown). Conversely, GLP is not expressed with G9a knockdown, suggesting that an 

alternate method of stabilization for GLP is not available. Alternatively, the short isoform 

may interact with different transcription factors than the long isoform to regulate gene 

expression programs.  
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An obstacle in the field of cancer biology is the ability to develop chemical tools 

that directly target DNA-binding transcription factors. This is due, in part, to the lack of 

catalytic sites and large surface areas through which these proteins exert their effects. 

Earlier studies have generated intense interest in BRD4 inhibitors regulating Myc-driven 

transcription (219). Indeed, other epigenetic regulators such as G9a, HDAC, and EZH2 

regularly interact with transcription factors to carry out their effects. While our work 

clearly demonstrated therapeutic responses with epigenetic inhibitors, we did not explore 

specific transcription factors that were dysregulated by these inhibitors. A recent study 

showed that G9a regulates Myc in triple negative breast cancer (92). Further, G9a can 

interact with HIF targets, and can induce downregulation of E-Cadherin through Snail 

(80). Therefore, mechanistic studies can illustrate in greater detail which transcription 

factor(s) are associated with the inflammatory gene signatures G9a regulates. 

Although the processes described herein provide an exciting opportunity to 

pharmacologically target dysregulated epigenetic pathways in recurrent breast cancer, it 

should be noted that chemical probes are imperfect. Our studies utilize genetic knockout 

to corroborate pharmacologic findings, however minor differences in drug mechanism of 

action, drug affinity and substrate recognition can affect the biological consequences of a 

chemical probe. Further, these compounds are used to probe and biological pathways, 

usually in vitro. Unlike drugs that are optimized to be clinical candidates, chemical 

probes lack robust pharmacokinetic and physicochemical properties, and do not have 

adequate safety data to enable their immediate use in humans. Therefore, these studies 
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highlight potential targets that should be confirmed with secondary tests and more 

rigorous testing of chemical probes that are suitable for human use. 

 

4.4 Final remarks 

The development of targeted, immunologic and cytotoxic therapies has 

revolutionized our ability to treat and cure cancers. However, our understanding of how 

tumor cells survive our treatments and adapt to cytotoxic stresses is limited. 

Consequently, this means a comprehensive approach is necessary to forestall tumor 

evolution. We are optimistic that the elucidation of novel epigenetic mechanisms of 

tumor resistance will provide new biologic insights into tumor recurrence. The 

integration of clinical characteristics, mutation burden, and epigenetic evolution will 

provide rational therapeutic strategies to provide lasting cures in patients affected by 

recurrent breast cancer. 
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